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ABSTRACT 

 

MICRORNA PROFILING IN CANINE MULTICENTRIC LYMPHOMA 

 

Karlee Kristen Craig      Advisor:  
University of Guelph, 2019    Dr. R. Darren Wood 
 

Lymphoma is the most common hematopoietic tumour in dogs and has 

significant overlap with the human disease. Tumour biomarker discovery is providing 

new tools for diagnosis and prediction of response to therapy and prognosis. 

MicroRNAs (miRNAs) are small non-coding RNAs that participate in post-transcriptional 

gene regulation and aberrant expression affects hallmarks of cancer.  

The aim of this study was to characterize miRNA expression from dogs with 

multicentric B or T cell lymphoma compared to healthy control dogs. We further 

compared expression between lymph nodes and corresponding plasma samples and 

assessed changes in expression at relapse compared to diagnosis. Lastly, we 

investigated miRNAs for association with clinical outcome in patients treated with CHOP 

chemotherapy. An initial pilot study was completed by profiling 277 canine miRNAs in 

lymph nodes to help design a custom PCR array with 38 targets. Quantification was 

performed using real time RT-PCR and relative expression was determined by the 

delta-delta Ct method.  

In the pilot study we identified altered expression (>5-fold) of 40 miRNAs for B 

cell lymphoma and 44 miRNAs for T cell lymphoma. The custom array was then used 

on a larger sample population (n=45) in a prospective study. In lymph nodes, there were 



  

16 miRNAs with significantly altered expression for B cell lymphoma and 9 for T cell 

lymphoma. In plasma, there were 15 miRNAs altered for B cell lymphoma and 3 for T 

cell lymphoma. The majority of miRNAs did not have correlated expression between 

lymph node and plasma and only 8 miRNAs were significantly different between 

diagnosis and relapse. For B cell lymphoma, 8 miRNAs had differential expression in 

the non-remission group compared to dogs that completed CHOP in remission. Four of 

these miRNAs were also altered in patients that died prior to one-year. Kaplan-Meier 

survival curves for high versus low miRNA expression revealed that 10 miRNAs were 

correlated with progression-free survival and 3 with overall survival.  

This study highlights miRNAs of interest for canine multicentric lymphoma. 

Future goals include development of miRNA panels that may be useful as biomarkers 

with the intent to provide improved outcome prediction to veterinary cancer patients.    
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CHAPTER 1 - Literature Review  
 

1.1 Introduction 
 Lymphoma is the most common hematopoietic tumour in dogs and exhibits 

significant clinical and pathological overlap with the human disease (Vail et al, 2013). 

The predominant clinical presentation is multicentric, which is characterized by 

generalized lymphadenopathy (Vezzali et al, 2010). A definitive diagnosis is routinely 

achieved by cytologic examination of affected lymph nodes. Further specialized testing 

may be pursued for classification and staging purposes. 

 Lymphoma is a systemic disease and the most frequent canine neoplasm treated 

with standardized chemotherapy. Remission with chemotherapy can be achieved, but 

prognosis is variable, and it is difficult to predict which patients will benefit most. 

 The discovery of effective biological markers (biomarkers) is an active area of 

research since they can facilitate disease detection and guide patient care and 

therapeutic management. MicroRNAs (miRNAs) are a recently discovered class of 

molecules that represent an extensive new biomarker resource.  

 miRNAs are short, non-coding RNAs that regulate post-transcriptional gene 

expression (Bartel, 2004). Dysregulation of miRNA affects target genes involved in 

cancer hallmarks with functional roles in initiation, progression and metastasis (Van 

Roosbroeck & Calin, 2017; Lin & Gregory, 2015). The goal of cancer-specific miRNA 

profiling is to identify potential biomarkers for diagnostics, prognosis and response to 

therapy. These biomarkers may also serve as potential future therapeutic targets.  

 

1.2 Canine Lymphoma 
 Lymphoma is a spontaneous neoplasm that arises from lymphoid tissue. It 

primarily develops in the lymphoid organs including lymph nodes, spleen, thymus and 

bone marrow. Lymphoma accounts for up to 24% of all canine neoplasms and 83% of 

canine hematopoietic tumours (Vail et al, 2013). The etiology of canine lymphoma is 

considered to be multifactorial with the majority of cases arising in patients with specific 

risk factors. These likely include genetic, environmental, infectious and immunologic 
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factors. It has a wide age distribution, but on average affects middle-aged to older dogs 

between 6 and 8 years of age with some variation in breed predisposition (Edwards et 

al, 2003). Specific breeds have an increased incidence, including boxers, bullmastiffs, 

bulldogs, Dobermans, Rottweilers, Bernese mountain dogs and golden retrievers 

(Dobson, 2013; Comazzi et al, 2018). A decreased risk for intact females has been 

reported, which suggests a possible hormonal influence in some dogs (Villamil et al, 

2009). 

 Genetic abnormalities are frequently observed in human neoplastic cells and 

have been demonstrated in canine lymphoma. The most common recurrent 

chromosome aberrations in the dog are the genomic gain of chromosomes 13 and 31 

and loss of chromosome 14 (Thomas et al, 2003). Germline and somatic mutations, 

altered oncogene/tumour suppressor gene expression, epigenetic modifications, signal 

transduction and death-pathway alterations have all been reported (Vail et al, 2013). 

These include neuroblastoma Ras (NRAS) and tumour protein 53 (p53) mutations and 

p16/retinoblastoma (RB1) tumour suppressor pathway inactivation (Mayr et al, 2003; 

Veldhoen et al, 1998; Fosmire et al, 2007). In addition, increased telomerase activity in 

canine lymphoma tissue has been documented (Renwick et al, 2006).  

Environmental factors that have been correlated with increased frequency of 

lymphoma diagnosis include geographic location near waste incinerators, pollution, 

radioactive waste, residency in industrial areas and use of paints, solvents or herbicides 

(Pastor et al, 2009; Gavazza et al, 2001; Hayes et al, 1991). It has been proposed that 

dogs represent a sentinel host for cancer since they share the same environment with 

humans but have a much shorter lifespan and latency period between exposure to 

potential carcinogens and cancer development (Marconato et al, 2013).  

 

1.2.1 Classification 

 Classification of canine lymphoma is currently based on anatomic location, 

immunophenotype and histologic criteria. The most common anatomical forms of 

lymphoma are multicentric, alimentary, mediastinal and cutaneous (Vail et al, 2013). 

The multicentric form represents approximately 80% of lymphoma cases (Vezzali et al, 

2010). 
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 Early classification systems adapted to canine lymphoma include the National 

Cancer Institute Working Formulation (WF) and the updated Kiel system (Anonymous, 

1982; Lennert & Feller, 1990). The WF categorizes tumours into low-, intermediate- and 

high-grade malignancies according to architectural pattern (follicular versus diffuse) and 

cellular morphology. The updated Kiel system distinguishes between low-grade and 

high-grade malignancies based on architectural pattern, cellular morphology and 

immunophenotype (Parodi, 2001).  

 In 2002, the World Health Organization (WHO) published a classification system 

based on the Revised European-American Lymphoma (REAL) classification of domestic 

animals, with the goal to correlate each category with biological behaviour and degree 

of malignancy (Valli et al, 2002; Vezzali et al, 2010). The REAL system identifies 

neoplasms as diseases rather than cell types by combining cellular morphology, 

immunophenotype, genetic features and clinical presentation (Parodi, 2001). See Table 

1.1 for the most common types of canine lymphoma based on the WHO classification 

system. A group of veterinary pathologists used the WHO system to examine 300 cases 

which resulted in an overall accuracy of 83% between the panel pathologists and the 

gold standard hematopathologists (Valli et al, 2011). Diffuse large B cell lymphoma 

(DLBCL) is the most common type of lymphoma in dogs and has been observed to 

account for up to 60% of B cell lymphomas (Vezzali et al, 2010). DLBCL is considered a 

high-grade malignancy based on both the WF and updated Kiel systems (Vail et al, 

2013). 

 

Table 1.1: The most common types of canine lymphoma based on the WHO 

classification system reproduced from Bienzle & Vernau (2011). 

B-cell Neoplasms T-cell Neoplasms 

Diffuse large B cell lymphoma Peripheral T cell lymphoma  

Marginal zone lymphoma Small T cell lymphoma (T-zone) 

Follicular lymphoma Primary cutaneous epitheliotropic lymphoma 

Mantle cell lymphoma Hepatosplenic T cell lymphoma 
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This review will focus primarily on the multicentric form of lymphoma, 

which is the most common presentation of lymphoma in dogs and a requirement 

for patient inclusion into this study. 

 

1.2.2 Clinical Presentation 

 Multicentric lymphoma is characterized by the presence of generalized 

lymphadenopathy. Enlarged lymph nodes are usually painless and most dogs 

have no apparent signs of systemic illness. However, a vast array of non-specific 

signs including anorexia, weight loss, vomiting, diarrhea, ascites, dyspnea and 

fever may be observed. Dogs with T cell lymphoma are more likely to have 

systemic signs and those with paraneoplastic hypercalcemia often exhibit 

polydipsia and polyuria. In addition, dogs may exhibit signs associated with bone 

marrow infiltration or other paraneoplastic syndromes (Vail et al, 2013). 

Differential diagnoses for generalized lymphadenopathy include infectious 

disease (e.g. fungal or rickettsial), other cancers (e.g. leukemia, metastatic 

tumours) and immune-mediated disorders (Rutley & MacDonald, 2007).  

 

1.2.3 Diagnosis 

 Initial diagnostics for suspected lymphoma should include a thorough physical 

examination, complete blood count, serum biochemistry profile and urinalysis to assess 

the potential range of involvement. Definitive diagnosis of lymphoma is routinely 

achieved by cytological evaluation of fine needle aspirates from affected lymph nodes. 

Sample collection is minimally invasive and can usually be performed with manual 

restraint. Diagnosis requires identification of a homogeneous population of lymphocytes 

with uniform morphology. Neoplastic cells are typically medium to large-sized 

lymphocytes (larger than neutrophils) comprising greater than 50% of the cell 

population. Cytoplasmic fragments are more numerous and increased mitoses and 

tingible-body macrophages may indicate intense cell turnover (Messick, 2014). 

Diagnostic accuracy is high with good quality smear preparation, however failure to 

make a definitive diagnosis may result from insufficient cellularity or poor cell 

preservation (Dickinson, 2008). If cytologic results are inconclusive, a biopsy for 
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histopathologic evaluation may be required to assess tissue architecture. It is best to 

surgically excise and submit the entire lymph node to evaluate for neoplastic effacement 

and capsular disruption (Vail et al, 2013). In addition, histological criteria may be applied 

to the lymphoma classification system. 

 Lymphoma can be further characterized by immunophenotyping to differentiate 

between B cell and T cell origin. The immunophenotype is determined by identification 

of specific cell surface markers. Panels of labelled antibodies against lymphocyte 

markers are applied to tissue sections (immunohistochemistry), cytologic smears 

(immunocytochemistry) or individual cells in a fluid medium (flow cytometry). Common T 

cell markers include CD3, CD4 (helper T) and CD8 (cytotoxic T) and B cell markers 

include CD79a, CD20 and CD21 (Vail et al, 2013). A monoclonal population of lymphoid 

cells with a homogeneous phenotype or aberrant surface markers is supportive of 

neoplasia (Dickinson, 2008). It has been reported that up to 80% of lymphomas in dogs 

are of B cell origin (Vezzali et al, 2010). It was suggested that the genomic instability of 

B cell germinal centres compared to fixed receptor genes of mature T cells might 

explain why they are more susceptible to malignant transformation. Breed specific 

differences in the prevalence of B cell or T cell immunophenotype have been 

documented. Cocker spaniels, Doberman pinschers and Rottweilers appear to develop 

B cell lymphoma more frequently, boxers are more likely to develop T cell lymphoma, 

and golden retrievers appear to have an equal occurrence of B cell and T cell 

lymphoma (Modiano et al, 2005; Comazzi et al, 2018).  

 Clonality assays can be useful for determining immunophenotype and 

differentiating between a reactive (benign) and neoplastic (malignant) proliferation of 

lymphocytes. Clonality is the hallmark of malignancy and demonstration of clonality by 

polymerase chain reaction (PCR) for antigen receptor gene rearrangement (PARR) is 

generally accepted as the most accurate predictor of neoplasia (Bienzle & Vernau, 

2011). DNA is isolated and amplified by PCR using primers that target immunoglobulin 

and T cell receptor genes to identify clonal populations (Keller et al, 2004). False 

negative results can occur if the clonal segment is not detected by current primers, if the 

neoplastic cells do not have antigen receptor rearrangements (such as natural killer 

cells), or there is insufficient DNA yield from the sample (Dickinson, 2008). False 
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positive results infrequently occur with chronic rickettsial infections such as ehrlichiosis, 

which can occasionally develop clonal T cell expansions (Avery & Avery, 2004). It is 

essential that results of clonality assessment are interpreted with clinical, morphologic 

and immunophenotypic findings (Bienzle & Vernau, 2011). In addition, these clonality 

techniques have been utilized for screening high risk breeds, monitoring response to 

therapy and identifying relapse (Keller et al, 2004).  

 

1.2.4 Clinical Staging 

 The WHO has a clinical staging system for lymphoma in domestic animals. 

Multicentric lymphoma with generalized lymph node involvement is considered stage III. 

It becomes stage IV with liver and/or splenic involvement and stage V with bone marrow 

and/or other organ system involvement. Staging is further classified into substage a) 

without systemic signs or b) with systemic signs (Owen, 1980). See Table 1.2 for the 

WHO clinical staging system for lymphoma in domestic animals. Additional diagnostic 

tests to determine the extent of disease may include thoracic and abdominal 

radiographs, abdominal ultrasound, ultrasound-guided aspirates of the liver and spleen, 

and bone marrow evaluation (Rutley & MacDonald, 2007). The extent of staging usually 

depends on whether the results will alter the treatment plan or provide prognostic 

information. 

 Abnormalities on thoracic radiographs have been observed in approximately 75% 

of dogs with multicentric lymphoma, including both pulmonary infiltrates and thoracic 

lymphadenopathy (Blackwood et al, 1997). Abdominal radiographs may reveal 

enlargement of medial iliac and/or mesenteric lymph node, spleen or liver suggesting 

involvement. Further imaging of the abdomen by ultrasonography may be warranted if 

clinical signs of abdominal disease or complete staging is required. Advanced imaging 

including computed tomography (CT), magnetic resonance imaging (MRI) or positron 

emission tomography (PET) is becoming more available and PET-CT imaging has 

shown promise for evaluation of response to chemotherapy and early prediction of 

relapse (Lawrence et al, 2009). Bone marrow aspiration or biopsy may be indicated in 

dogs with anemia, lymphocytosis, peripheral lymphocyte atypia or other cytopenias. 
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Bone marrow involvement resulting in a leukemic phase has been observed in up to 

57% of dogs with multicentric lymphoma (Raskin & Krehbiel, 1989).  

 

Table 1.2: The WHO clinical staging system for lymphoma in domestic animals modified 

from Vail et al (2013). 

Stage:  

I Involvement limited to a single node or lymphoid tissue in a single organ 

II Involvement of many lymph nodes in a regional area (+/- tonsils) 

III Generalized lymph node involvement 

IV Liver and/or spleen involvement (+/- stage III) 

V Manifestation in the blood and involvement of bone marrow and/or other organ 
systems (+/- stage I-IV) 

Substage:  

a Without systemic signs 

b With systemic signs 

 

 

1.2.5 Treatment 

 Multicentric lymphoma is a systemic disease and therefore requires systemic 

therapy to induce remission and prolong survival. Without treatment, patients will often 

die of their disease within 4-6 weeks after diagnosis (MacEwen et al, 1977). The goals 

of therapy are to induce a complete durable remission (>6mos) and to reinduce or 

rescue a remission after relapse (Rutley & MacDonald, 2007). Multiagent chemotherapy 

is the treatment of choice for canine lymphoma and current standard of care protocols 

are based on the CHOP [cyclophosphamide (C), doxorubricin (H, hydroxydaunorubicin), 

vincristine (O, Oncovin) and prednisone (P)] protocol initially designed for humans (Vail 

et al, 2013). The current CHOP protocol used for canine lymphoma treatment at the 

Animal Cancer Centre at the Ontario Veterinary College (OVC) includes two cycles of 

chemotherapy given weekly followed by two cycles given every other week. Table 1.3 

summarizes the 25-week protocol. 
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Table 1.3: Summary of current canine CHOP Protocol used at the Animal Cancer 

Centre, Ontario Veterinary College. 

Week 1 Vincristine 0.7mg/m2 IV & Prednisone 50mg, 1 tablet every 24hrs 

Week 2 Cyclophosphamide 250mg/m2 PO & Prednisone 50mg, 1/2 tablet every 24hrs 

Week 3 Vincristine 0.7mg/m2 IV & Prednisone 50mg, 1/4 tablet every 24hrs 

Week 4 Doxorubicin 30mg/m2 IV, Off Prednisone 

Week 5 Break 

Week 6 Vincristine 0.7mg/m2 IV 

Week 7  Cyclophosphamide 250mg/m2 PO 

Week 8 Vincristine 0.7mg/m2 IV 

Week 9 Doxorubicin 30mg/m2 IV 

Week 10 Break and then continue treatment on alternate weeks 

Week 11 Vincristine 0.7mg/m2 IV 

Week 13 Cyclophosphamide 250mg/m2 PO 

Week 15 Vincristine 0.7mg/m2 IV 

Week 17 Doxorubicin 30mg/m2 IV 

Week 19 Vincristine 0.7mg/m2 IV 

Week 21 Cyclophosphamide 250mg/m2 PO 

Week 23 Vincristine 0.7mg/m2 IV 

Week 25 Doxorubicin 30mg/m2 IV 
IV = intravenous, PO = per os, Doxorubicin dose is adjusted to 1mg/kg for small dogs (<10kg) 

 

 Combination chemotherapy yields higher response rates and typically results in 

more durable remission durations than single agent protocols. These protocols can 

induce remission in up to 80-95% of dogs with median survival times of 10 to 12 months 

and approximately 20-25% of dogs will be alive 2 years after initiation of treatment (Vail 

et al, 2013). T cell lymphoma is associated with lower rates of complete remission, 

shorter remission durability and survival times less than 6 months, with the exception of 

indolent forms (Vail et al, 2013). Dogs that acquire complete remission are free of 

clinical signs and return to a good quality of life. Chemotherapy is generally well 
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tolerated, with only a minority of dogs (3-5%) developing significant adverse effects 

requiring hospitalization and most owners report a positive experience (Vail, 2010).  

 Relapse may represent the emergence of tumour cells that are more resistant to 

chemotherapy than the original tumour (Vail et al, 2013). Following relapse, tumour cells 

are more likely to express the multi-drug resistance (MDR1) gene that encodes for 

transmembrane ATP-binding cassette transporters (ABC transporters) that act as 

pumps to mediate efflux of chemotherapeutic drugs from the cells (Lee et al, 1996; 

Fletcher et al, 2010). Nearly 80% reinduction rates with the CHOP protocol can be 

expected if the initial 6-month protocol was completed prior to the relapse (Flory et al, 

2011). The Animal Cancer Centre at OVC typically attempts reinduction with the CHOP 

protocol if relapse occurs after the initial 6-month protocol. However, if relapse occurs 

during the initial protocol or reinduction is not achieved with the CHOP protocol a rescue 

protocol is recommended. Rescue protocols often used at OVC include MOPP 

[mechlorethamine (M), vincristine (O, Oncovin), procarbazine (P), prednisone (P)], 

DMAC [dexamethasone (D), melphalan (M), actinomycin D (A), cytosine arabinoside 

(C)] or single agent therapy (e.g. lomustine). Overall rescue response rates of 40-90% 

have been reported, but responses are usually not durable with median duration of 1.5-

2.5 months (Vail et al, 2013). 

 The Veterinary Cooperative Oncology Group (VCOG) has published response 

evaluation criteria to standardize reporting of outcome results and comparison between 

protocols (Vail et al, 2010). The main criterion for assessing protocol activity is 

progression-free survival (PFS), which is defined as the time from initiation of treatment 

to disease progression or death from any cause. 

 

1.2.6 Prognosis 

 Prognosis for dogs with lymphoma is highly variable depending on a wide variety 

of factors. Characterizing lymphoma based on classification, grading and staging 

provides significantly different survival data and response to various treatment 

protocols, which may assist in predicting prognosis and optimal treatment (Valli et al, 

2013). The two most consistent factors shown to influence treatment response and 

survival are immunophenotype and the WHO substage. Dogs with multicentric CD3 
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immunoreactive T cell lymphoma have been associated with significantly shorter 

remission and survival times (Teske et al, 1994). B cell lymphomas with lower than 

normal levels of B5 antigen or low levels of class II major histocompatibility complex 

(MHC) expression have predictably poorer outcomes (Ruslander et al, 1997; Rao et al, 

2011). Presentation in stage V with significant bone marrow involvement or with 

systemically ill substage b disease have a poorer prognosis (Teske et al, 1994; Jagielski 

et al, 2002). 

 In addition, histological grading can provide prognostic information. Intermediate 

or high-grade lymphomas are more likely to respond to chemotherapy but can relapse 

earlier. Dogs with low grade lymphoma have a poorer response rate, but longer survival 

and their disease may be more indolent (Vail et al, 2013). Patients with indolent forms of 

lymphoma generally experience prolonged survival times even without therapy (Flood-

Kinapik et al, 2012). Other factors that have been strongly associated with diminished 

prognosis include anemia at presentation, prolonged steroid pretreatment and cranial 

mediastinal lymphadenopathy (Miller et al, 2009; Price et al, 1991; Starrak et al, 1997). 

 Proliferative activity of tumour cells determined by analysis of bromodeoxyuridine 

(BrdU) uptake, Ki67 antibody reactivity and argyrophilic nucleolar organizer region 

(AgNOR) indices have provided prognostic information for dogs treated with 

combination therapy, however results of different studies have been contradictory (Vail 

et al, 2013).  

 
1.2.7 Biomarkers 

 Biomarkers are measurable indicators of cellular, biochemical or molecular 

alterations that reflect a particular biological state and may be associated with the 

presence or severity of disease (Hulka & Wilcosky, 1988). The discovery of effective 

biomarkers is in high demand to help facilitate detection and management of cancer.  

Alterations in biomarkers may reflect stage of disease, prognosis and response to 

therapy, which may aid in design of patient-specific treatment and monitoring protocols. 

Biomarker evaluation may also reveal potential therapeutic targets. Markers evaluated 

for canine lymphoma include acute phase proteins, thymidine kinase (TK), vascular 

endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), monocyte 
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chemotactic protein-1 (MCP-1) and endostatin. In addition, proteomic investigations 

using mass spectrometry-based techniques have identified proteome patterns and 

potential canine specific biomarkers.  

 Acute phase proteins are widely used non-specific markers of inflammation and 

have been utilized for diagnostic and prognostic purposes in human lymphoma. C-

reactive protein (CRP) and haptoglobin are acute phase proteins that are significantly 

increased in dogs with lymphocytic neoplasia (Mischke et al, 2007). Nielsen et al (2007) 

found serum CRP concentrations to be useful in determining complete remission in 

dogs undergoing chemotherapy. However, due to profound individual variation between 

patients, CRP concentration was not significantly different in other remission states and 

therefore precludes its use in monitoring progression. It was suggested that identifying 

remission status may be better achieved by combining CRP concentration with other 

biomarkers. 

 TK is an enzyme that plays a key role in DNA synthesis and cell division. Its 

activity has been investigated as a tumour marker in canine lymphoma. Dogs with 

multicentric lymphoma have been found to have 2-180 times higher serum TK activity 

than normal dogs, however increases were also noted in dogs with non-hematologic 

neoplasia (von Euler et al, 2004). TK activity in dogs in complete remission was not 

significantly different from healthy controls, but activity was significantly increased at 

least 3 weeks prior to relapse. Furthermore, serum TK activity was correlated with 

clinical stage and initial activity was associated with survival time. Conversely, a study 

by Elliot et al (2011) found that serum TK activity determined by the same assay was 

not associated with clinical stage or survival, however, activity returned to the reference 

range during remission. It was also noted that B cell lymphomas had significantly higher 

activity than T cell lymphomas, which was thought to represent a difference in their 

dependence on this enzymatic pathway for neoplastic transformation.  

 Dogs with lymphoma have higher VEGF levels and higher MMP-9 activity in 

plasma than healthy control dogs and both are significantly higher in T cell lymphomas 

and with clinical stage V (Aresu et al, 2012; Aricò et al, 2013). Aresu et al (2012) also 

discovered that plasma VEGF was higher in high-grade compared to low-grade T cell 

lymphomas and VEGF and MMP-9 decrease during chemotherapy in B cell 
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lymphomas, suggesting a predictive role in treatment response. However, a study by 

Wolfesberger et al (2012) found no significant relationship between VEGF 

immunohistochemical expression in lymphoma tissue and overall survival time for dogs 

treated with chemotherapy. 

 MCP-1 plays a role in mobilization of monocytes and neutrophils and has been 

associated with poor prognosis in many human cancers (Perry et al, 2010). Perry et al 

(2010) found that dogs with lymphoma had significantly increased serum MCP-1 and 

neutrophil and monocyte counts compared to healthy control dogs and these values 

significantly correlated with disease-free interval for dogs receiving CHOP therapy.  

 Endostatin prevents angiogenesis by inhibiting endothelial cell proliferation and 

migration exhibiting anti-neoplastic properties. Serum endostatin concentrations have 

been evaluated in dogs with lymphoma and were significantly higher than healthy 

control dogs (Rossmeisl et al, 2012). It was proposed that elevations in endostatin are a 

result of natural host defense response against tumourigenesis. However, larger 

controlled studies are required to further assess endostatin as a potential biomarker.  

 Mass spectrometry studies have been performed on serum and lymph nodes 

from dogs with lymphoma to identify potential cancer-specific biomarkers. Gaines et al 

(2007) showed that individual serum protein biomarker peaks and classification trees 

could provide high sensitivity and specificity for canine B cell lymphoma. McCaw et al 

(2007) assessed lymph node tissues and identified prolidase, triosephosphate 

isomerase and glutathione S-transferase to be downregulated and macrophage capping 

protein to be upregulated in lymphoma samples. Significantly higher serum α-2 globulin 

fractions in support of an inflammatory component have been found in dogs with 

lymphoma and further protein separation has identified haptoglobin as well as other 

acute phase proteins, including α2 macroglobulin, α-antichymotrypsin and inter-α-

trypsin inhibitor (Atherton et al, 2013). 

 Proteomic profiling using bioinformatics found two key biomarkers capable of 

differentiating lymphoma from non-lymphoma, later identified as CRP and haptoglobin 

(Ratcliffe et al, 2009). A canine lymphoma blood test (cLBT) was subsequently 

developed and marketed by PetScreen Ltd (Nottingham, UK) and Avacta Animal Health 

(Wetherby, UK). The cLBT test utilizes CRP and haptoglobin values in combination with 
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clinical symptoms for diagnostics and screening using a multivariate algorithm (Mirkes 

et al, 2014). As a diagnostic tool in clinically suspected cases, sensitivity and specificity 

were noted to be 83.5% and 77% respectively and for screening purposes, sensitivity 

and specificity were 81.4% and >99%. It has also been used for remission monitoring 

and shown to detect recurrence of lymphoma up to two months prior to appearance of 

clinical signs. Alexandrakis et al (2014) demonstrated that cLBT has prognostic 

potential with a higher pre-treatment value associated with shorter survival times and 

lower values achieved during treatment was correlated with longer survival. However, 

Schleis (2014) cautions that results of this test should not be used alone, but in 

combination with other clinical findings and diagnostics and that baseline levels should 

be established for monitoring purposes. Many other inflammatory processes result in 

acute phase protein elevations and there is high variation in individual acute phase 

protein responses (Tecles et al, 2005). 

 Molecular biomarker investigation and discovery using genomic techniques has 

become a prominent focus for research in this area. miRNAs are a recently discovered 

class of molecules that may represent a novel source of biomarkers and will be 

discussed in further detail in the next two sections. The goal of my research is to identify 

dysregulated miRNAs in canine multicentric lymphoma. 

 

1.3 MicroRNA 
 miRNAs are small non-coding RNA molecules of approximately 22 nucleotides 

(nt) in length that play a crucial role in post-transcriptional gene regulation and are 

highly conserved between species (Bartel, 2004). miRNAs have critical regulatory 

functions in many biological processes including cell development, differentiation, 

proliferation, apoptosis and stress responses (Wang J et al, 2014). 

 

1.3.1 Discovery 

 The first miRNA was discovered in 1993 through the collaborative efforts of 

Victor Ambros, Rosalind Lee and Rhonda Feinbaum. Their research revealed that the 

lin-4 gene, involved in controlling the larval development of Caenorhabditis elegans 

(nematode) did not code for a protein, but produced a pair of small RNAs. One of the 
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RNAs was composed of 22 nt and the other was 61 nt in length. The larger RNA was 

thought to be a precursor of the shorter RNA folded into a stem loop configuration (Lee 

et al, 1993). It was then discovered that these lin-4 RNAs contained an anti-sense site 

complimentary to lin-14 mRNA. Therefore, the lin-4 gene was proposed to mediate 

repression of lin-14 translation and its associated protein product. This translational 

repression regulates the pathway that triggers transition of C. elegans from the first 

larval stage to the second stage (Wightman et al, 1993).  

 A second miRNA, let-7, which promotes C. elegans transition from the late larval 

stage to the adult stage was identified in 2000 (Reinhart et al, 2000). The let-7 RNA 

mediates repression of lin-41 translation, which negatively regulates the adult 

specification transcription factor (LIN-29). Through downregulation of lin-41, the 

inhibitory effect on LIN-29 is released and adult specific differentiation occurs (Slack et 

al, 2000). These two discoveries launched a continued research effort, which has led to 

the uncovering of hundreds of new regulatory miRNAs from a diverse range of animal 

and plant species. 

 

1.3.2 Biogenesis Pathway 

 Most miRNAs are transcribed from independent miRNA gene loci. However, a 

small proportion are processed from introns of protein coding genes, which may allow 

for coordinated expression of the miRNA and a protein. miRNAs have also been found 

to form clusters within the genome. These miRNAs are often related, but not all related 

miRNAs are clustered (Bartel, 2004).  

 The majority of miRNA genes are transcribed by RNA polymerase II to produce a 

primary miRNA (pri-miRNA) that is capped, spliced and polyadenylated, which are 

unique properties of class II gene transcripts (Lee et al, 2004). The pri-miRNA consists 

of a double-stranded stem with a terminal loop structure and flanking sequences68. A 

single pri-miRNA transcript can produce a single miRNA or contain clusters of miRNAs 

processed together (Lin & Gregory, 2015).  

 Pri-miRNAs are cleaved by the nuclear microprocessor, which is a complex of 

the RNase III enzyme DROSHA and its cofactor DiGeorge syndrome critical region 8 

(DGCR8), also referred to as Pasha protein (Gregory et al, 2004). DROSHA cleaves the 
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double stranded stem of the pri-miRNA approximately 11 base pairs away from the 

flanking sequences to produce a precursor miRNA (pre-miRNA) of approximately 65-70 

nt in length with a 2 nt overhang on the 3’ end (Denli et al, 2004; Han et al, 2006). 

 The pre-miRNA is transported from the nucleus to the cytoplasm by exportin-5 

(XPO5) and its cofactor Ras-related nuclear protein (Ran)-GTP (Bohnsack et al, 2004). 

Further processing by the RNase III enzyme DICER1 in complex with transactivation-

responsive RNA-binding protein (TRBP) cleaves both strands of the pre-miRNA 

(Chendrimada et al, 2005). This cleavage site is measured from the 5’ and 3’ ends to 

release the terminal base pairs and loop structure creating a single mature miRNA 

duplex (Park et al, 2011).  

 The miRNA duplex is then bound to argonaute 2 (AGO2) protein and separated 

into a functional guide strand and passenger strand. The guide strand is assembled into 

the RNA-induced silencing complex (RISC) and the passenger strand is dissociated 

from the complex through Ago-mediated cleavage and degraded (Matranga et al, 2005). 

The miRNA strand loaded into the RISC is the strand with the less stable base pairing 

at its 5’ end (Schwarz et al, 2003). RISC assembly is mediated by the RISC loading 

complex (RLC) composed of DICER1, TRBP and the core AGO2 protein (Gregory et al, 

2005).   

 The mature RISC is guided to the target mRNA, resulting in either mRNA 

degradation, destabilization or translational inhibition (Winter et al, 2009). Target 

recognition is dependent on perfect and continuous base pairing of the miRNA ‘seed 

sequence’ at nucleotides 2-7 of the 5’ region, which is the most conserved portion of 

miRNAs (Bartel, 2009). If the miRNA guide strand binds with perfect complementarity to 

the target mRNA, typically at the 3’ UTR, AGO2-mediated endonucleolytic cleavage 

occurs opposite to the bond between the 10th and 11th nt of the guide strand (Janas et 

al, 2012). If there is imperfect complementarity, the result is mRNA destabilization 

through deadenylation and decay or translational repression at the initiation or 

elongation stage (Filipowicz et al, 2008). 

 Mature miRNAs that are not utilized within the cell can be secreted into the 

extracellular space (Schwarzenbach et al, 2014). The secretion of miRNAs is a 

controlled and specific action (Rayner & Hennessy, 2013). miRNAs are packaged into 
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various lipid-based carriers including exosomes, microvesicles, apoptotic bodies and 

lipoproteins (Vickers & Remaley, 2012). 

 Exosomes are created by inward budding of the endosomal membranes giving 

rise to multivesicular bodies that fuse with the plasma membrane to release exosomes 

(Théry et al, 2002). Microvesicles are formed by the outward blebbing of the plasma 

membrane upon activation and apoptotic bodies are lipid-encapsulated vesicles 

released at the early stages of apoptosis (Rayner & Hennessy, 2013). High-density 

lipoproteins (HDL) carry miRNAs buried within the core of the molecule keeping them 

hidden from the extracellular environment (Vickers et al, 2011). miRNAs associated with 

lipid-based carriers can be delivered and transferred to other cells and play a role in 

intercellular communication and influence gene expression of recipient cells (Valadi et 

al, 2007; Vickers et al, 2011). It has been proposed that cellular uptake of miRNA from 

vesicles involves either endocytosis or membrane fusion and uptake of miRNA 

associated with HDL is mediated by scavenger receptor class B type I (Vickers & 

Remaley, 2012).   

 In addition, a large portion of extracellular miRNAs are released into circulation 

from necrotic or apoptotic cells and are protected from plasma ribonuclease (RNase) 

degradation by complexing with proteins such as AGO2 (Arroyo et al, 2011).  

 

1.3.3 Mechanisms of Dysregulation 

 Dysregulation of miRNA expression influences hallmarks of cancer. Many 

individual miRNAs may be altered and play a role in oncogenic or tumour suppressive 

functions. Furthermore, global miRNA depletion has been observed in tumours 

compared to normal tissue, which may be a consequence of genetic loss, epigenetic 

silencing, widespread transcriptional repression or defects in the miRNA biogenesis 

pathway (Lu et al, 2005). It has been demonstrated that dysregulation of the biogenesis 

pathway can have key roles in cancer initiation, progression and metastasis (Lin & 

Gregory, 2015). 

 Many miRNA genes are located in fragile sites or cancer-associated regions 

(Calin et al, 2004). Deletion, amplification or translocation of these regions alter pri-

miRNA transcription and miRNA expression. Consequently, this leads to downstream 
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alterations in target mRNA expression that can promote cancer development (Lin & 

Gregory, 2015). Epigenetic alteration of the genome by DNA methylation or histone 

modification is also a common feature of cancer pathogenesis and results in miRNA 

gene silencing (Guil & Esteller, 2009). In addition, pri-miRNA transcription can be 

controlled by tumour suppressor (e.g. p53) or oncogenic (e.g. MYC) factors that function 

as transcriptional activators or repressors (Chang et al, 2007, Chang et al, 2008). 

 Defective core biogenesis machinery, altering the microprocessor, export or 

processing of pre-miRNA are upregulated or downregulated in many human cancer 

types (Lin & Gregory, 2015). Overexpression of DROSHA is recognized in multiple 

types of cancers, for example, cervical squamous cell carcinoma in which it promotes 

cell proliferation, migration and invasion (Muralidhar et al, 2011). In other cancer types, 

decreased expression of DROSHA accounts for global downregulation of miRNA and 

has been correlated with metastasis, invasion and poor patient survival (Lin & Gregory, 

2015). XPO5 mutations have been associated with some cancers and result in impaired 

pre-miRNA export, leading to accumulation of pre-miRNA in the nucleus and defective 

biogenesis (Lin & Gregory, 2015). XPO5 genetic and epigenetic variations have also 

been associated with the risk of developing breast cancer (Leaderer et al, 2011). 

Alteration of DICER1 expression is often a consequence of genetic mutations or 

targeting by oncoproteins or dysregulated tumour suppressors (Lin & Gregory, 2015). 

For example, the p53 family member p63 binds to the promoter of DICER1 in 

conjunction with miR-130b and drives their expression to suppress metastasis (Su et al, 

2010). 

 Beyond altered expression of core biogenesis machinery, other pathways have 

been associated with regulating biogenesis activity. Microprocessor-associated proteins 

and cell signaling pathways can modulate microprocessor activity and therefore control 

pri-miRNA processing (Lin & Gregory, 2015). An example is the Hippo signaling 

pathway, which has been found to regulate microprocessor activity in a cell-density 

dependent manner where inactivation results in widespread miRNA suppression (Mori 

et al, 2014). Furthermore, stress response induced by hypoxia in the tumour 

microenvironment activates epidermal growth factor receptor (EGFR) signaling, which 

induces phosphorylation of AGO2 and inhibits its interaction with DICER1 to block 
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miRNA accumulation (Shen et al, 2013). This is in addition to hypoxia-induced 

suppression of DROSHA and DICER1 expression (Rupaimoole et al, 2014).  

 Another recently discovered cancer-associated pathway involved in regulating 

miRNA biogenesis is the LIN28 mediated blockade of let-7. The let-7 miRNA family 

members function as tumour suppressors in many cancer types and low let-7 

expression is associated with poor survival (Boyerinas et al, 2010). Reactivation of the 

embryonic pathway expressing RNA-binding proteins LIN28A and LIN28B promotes 

cellular transformation and tumourigenesis (Viswanathan et al, 2009). LIN28 proteins 

induce uridylation of let-7 pre-miRNA, which is resistant to DICER1 processing and 

undergoes degradation (Heo et al, 2008).  

 Global miRNA dysregulation functionally cooperates with oncogenes and tumour 

suppressor genes to regulate hallmarks of cancer (Lin & Gregory, 2015). Identifying 

specific regulators of miRNA biogenesis may be helpful towards developing new 

therapeutic targets (Shenouda & Alahari, 2009). 

 

1.3.4 OncomiRs and Tumour Suppressors 

 Tumourigenesis is often promoted by the net effect of global miRNA 

dysregulation and individual miRNAs playing an oncogenic or tumour suppressive role. 

The action of miRNAs in cancer development is dependent on their target mRNAs and 

may have dual function as either oncogenic or tumour suppressive depending on the 

cancer cell type (Shenouda & Alahari, 2009). For example, miR-29 acts as a tumour 

suppressor in multiple human cancer types including lymphoma but appears to have 

oncogenic functions in breast cancer (Zhang et al, 2012; Gebeshuber et al, 2009).  

 If a specific miRNA is overexpressed in cancer it can function as an oncogene, 

known as an “oncomiR,” by downregulating tumour suppressor genes or genes that 

control cell differentiation or apoptosis (Zhang et al, 2007). This contributes to tumour 

formation by stimulating proliferation, angiogenesis and invasion (Shenouda & Alahari, 

2009). 

 If a specific miRNA is underexpressed in cancer it can function as a tumour 

suppressor gene. Tumour suppressor miRNAs usually prevent tumour development by 

downregulating oncogenes (Zhang et al, 2007). Loss of these tumour suppressor 
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miRNAs results in release of oncogene inhibition and promotion of tumourigenesis. 

Cancer cells may also acquire mechanisms that allow mRNA to escape regulation by 

tumour suppressor miRNAs. Mechanisms may include loss or mutation of miRNA target 

sites, modulation of accessibility to site due to RNA binding proteins or competition for 

binding by other non-coding RNAs (Jansson & Lund, 2012). 

 

1.4 MicroRNA Profiling  
 Many miRNAs are differentially expressed in cancer cells in comparison to 

normal tissue and therefore have the potential to be utilized as biomarkers (Zhang et al, 

2007). The ubiquitous presence of miRNA in cells, tissues and body fluids and their 

robust stability and resistance to varied storage conditions suggests an extensive 

minimally-invasive resource (Cortez et al, 2011). Cell-free miRNAs in circulation appear 

to be protected against RNase digestion by packaging in lipid-based carriers or 

complexing with RNA-binding proteins (Etheridge et al, 2011). For example, despite 

RNase activity in plasma, it has been shown that storage at room temperature for up to 

24hrs or undergoing up to 8 freeze-thaw cycles has minimal effect on miRNA 

concentrations (Mitchell et al, 2008). 

 Cancer-specific miRNA profiles can be characterized by quantifying the 

expression of multiple miRNAs to identify significant alterations between diseased and 

healthy individuals. miRNA profiling may represent a promising new tool for cancer 

diagnostics, prediction of prognosis and response to therapy and may reveal future 

therapeutic targets (Schwarzenbach et al, 2014). Identification of miRNAs that act as 

drivers for the development of lymphoma, suggests that miRNA-targeted therapy or 

restoration of physiological levels of downregulated miRNAs may be a new strategy for 

individual treatment (Jardin & Figeac, 2013). Furthermore, it is essential to determine if 

differential expression is solely related to the tumour cells or a response mediated by 

the affected organ or other systems (Cortez et al, 2011).  

 The association of cancer with altered miRNA expression was first identified in 

human B cell chronic lymphocytic leukemia (B-CLL) by Calin et al (2002). Subsequently, 

cancer-specific profiles have been identified for many types of human cancers with 

initial focus on breast cancer, glioblastoma, thyroid papillary carcinoma, hepatocellular 
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carcinoma, lung cancer, colon cancers and endocrine pancreatic tumours (Calin & 

Croce, 2006). Dysregulation of miRNA has been thoroughly investigated in most forms 

of human lymphoma, however understanding the biological function of identified 

miRNAs and their role in lymphomagenesis continues to be a challenge (Lawrie, 2013).  

 

1.4.1 Lymphocyte Development 

 The first evidence that miRNA played a role in hematopoietic differentiation was 

reported by Chen et al (2004). They found that miR-181 was predominately expressed 

in B lymphoid cells in the bone marrow of mice and that ectopic expression in 

hematopoietic progenitor cells resulted in an increased proportion of B lineage cells.  

 

B cell development 

 Specific miRNAs have been described as critical regulators of normal B cell 

development and stages of B cell differentiation have been characterized by miRNA 

expression patterns (Zhang et al, 2009). miR-150 plays a role in early lymphocyte 

development and is exclusively expressed in mature resting lymphocytes (Zhou et al, 

2007). Its expression results in repression of the transcription factor c-myeloblastosis 

(C-MYB), which is highly upregulated in lymphocyte progenitors, downregulated during 

maturation and then critical for lymphocyte activation (Xiao et al, 2007). Premature 

expression of miR-150 in hematopoietic stem cells inhibits pro-B to pre-B cell 

differentiation and leads to maturation arrest (Zhou et al, 2007). 

 The miR-17-92 cluster promotes survival of early B cell progenitors by repressing 

tumour suppressor phosphatase and tensin homolog (PTEN) and the proapoptotic B 

cell lymphoma-2-like protein 11 (BCL2L11) (Xiao et al, 2008). Overexpression of this 

cluster promotes lymphoproliferation and its absence results in inhibition of B cell 

development at the pro-B to pre-B transitional stage (Ventura et al, 2008). Upregulation 

of miR-34a also results in a partial block at the pro-B to pre-B stage, leading to 

reduction in mature B cells mediated by direct targeting of the transcriptional factor 

forkhead box P1 (FOXP1) (Rao et al, 2010).  

 miR-155 is the product of the non-coding B cell integration cluster (BIC) gene 

that is dysregulated in various lymphomas (Eis et al, 2005). It plays a critical role in 
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normal hematopoietic cell differentiation and negatively regulates myelopoiesis and 

erythropoiesis (Georgantas et al, 2007). Higher expression levels are observed in 

activated B and T cells and dendritic cells playing a key part in lymphocyte homeostasis 

and immune function (Rodriquez et al, 2007). The germinal centre response is 

regulated by miR-155 and miR-181b, which both target the enzyme activation-induced 

cytidine deaminase (AID) required for B cell somatic hypermutation of immunoglobulin 

genes and class switch recombination (de Yebenes et al, 2008; Teng et al, 2008). miR-

125b plays a role in the final step of B cell maturation and downregulates the expression 

of interferon regulatory factor-4 (IRF4) and PR domain zinc finger protein 1 (PRDM1), 

which are transcription factors required for differentiation into memory and plasma cells 

(Malumbres et al, 2009).  

 Follicular dendritic cells influence the expression of miR-9, let-7 and the miR-30 

family in B lymphocytes to upregulate PRDM1 and downregulate transcription factor B 

cell lymphoma protein 6 (BCL6), which are master regulators of germinal centre 

formation and terminal B cell differentiation (Lin et al, 2011).  

 

T cell development 

In early T cell development, miRNA networks are essential in regulating 

thymocyte differentiation and preventing thymic involution (Dooley et al, 2013). Early 

depletion of the miRNA network through experimental excision of Dicer or Drosha 

resulted in decreased thymic cellularity and blocked differentiation past the double 

negative stage (Cobb et al, 2005).  

The miR-181 family plays a functional role in positive and negative selection by 

sensitization of double positive thymocytes to T cell receptor signaling in response to 

ligands (Li et al, 2007). This is achieved by downregulation of multiple phosphatases 

that inhibit signal transduction and likely also contributes to the regulation of peripheral 

antigen responses (Li et al, 2012). Sustained expression of miR-29a in thymic epithelial 

cells is important for prevention of thymic involution by repression of interferon alpha 

receptor 1 (IFNAR1) and subsequent inhibition of IFNα signaling (Papadopoulou et al, 

2011). 
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As mentioned above, miR-150 plays a role in early lymphocyte development and 

is expressed in mature resting B and T lymphocytes (Zhou et al, 2007). This miRNA 

regulates normal T cell maturation by targeting neurogenic locus notch homolog protein 

3 (NOTCH3), which controls differentiation into memory and effector T cell subsets 

(Ghisi et al, 2011). miRNAs also have a profound impact on peripheral T cell activation 

and proliferation. Overexpression of the miR-17-92 cluster leads to expansion of 

peripheral CD4+ and CD8+ cells through suppression of PTEN and BCL2L11 (Xiao et 

al, 2008). miR-146a may further contribute to maintenance by suppressing apoptosis 

through repression of Fas-associated death domain (FADD) (Curtale et al, 2010). 

Normal co-stimulation through CD28 signaling is dependent on upregulation of miR-214 

to enhance proliferation through additional PTEN targeting (Jindra et al, 2010). Clonal 

expansion of helper T cells is promoted by miR-182, driven by interleukin-2 (IL-2) 

production induced by miR-9 suppression of PRDM1 and BCL6. This effect is achieved 

by inhibiting forkhead box O1 (FOXO1), which is a suppressor of cell cycle progression 

(Stittrich et al, 2010). Furthermore, miR-21 aids in activation by targeting the tumor 

suppressor programmed cell death 4 (PDCD4) (Stagakis et al, 2011).  In CD8+ T cell, 

miR-130 and miR-301 family members are upregulated after activation resulting in 

suppression of CD69 to regulate cell migration (Zhang & Bevan, 2010). Additionally, 

miR-21, miR-30b and miR-155 have been shown to promote stabilization of CD8+ T 

cells as conventional effector cells (Chang et al, 2012).   

Moreover, miRNAs are important for polarization toward distinct helper T cell 

lineages and transition to regulatory T cells (Tregs). Treg homeostasis is supported by 

miR-155 by downregulating suppressor of cytokine signaling 1 (SOCS1), which induces 

IL-2 signaling via the STAT5 pathway (Lu et al, 2009). The suppressive function of 

Tregs is maintained by forkhead box P3 (FOXP3) and the activity of miR-7, miR-18a, 

miR-21, miR-34a and miR-155 through targeting of stabilin-1 (STAB1) (Beyer et al, 

2011). 
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1.4.2 Lymphomagenesis 

 Aberrant miRNA expression has been documented in many types of human 

lymphoma. miRNAs that have a confirmed functional role in the most common forms of 

lymphoma include the miR-15a/16-1 cluster, miR-21, miR-155, miR-17-92 cluster, miR-

34a, and miR-125b (Lawrie, 2013). This review section will focus on miRNAs that have 

a strong association with DLBCL, which is the most common type of lymphoma in both 

humans and dogs. 

 

miR-15a/16-1 cluster 

 The idea that miRNA dysregulation was associated with cancer was first 

recognized when it was discovered that downregulation of miR-15a and miR-16-1 

occurs in B-CLL. This miRNA cluster is located at chromosome 13q14, which is a region 

frequently deleted in B-CLL patients resulting in loss or reduced expression of miR-

15a/miR-16-1 in approximately 70% of cases (Calin et al, 2002). These miRNAs act as 

tumour suppressors by targeting the anti-apoptotic protein B cell lymphoma 2 (BCL2) 

(Cimmino et al, 2005). In addition, they directly target tumour suppressor protein p53 in 

B-CLL patients as part of a feedback circuit in which these miRNAs are in turn regulated 

by direct p53 binding (Fabbri et al, 2011).  

 New Zealand Black (NZB) mice are prone to spontaneous development of 

lymphoproliferative disease similar to human B-CLL and contain a disease-associated 

locus on chromosome 14 with synteny to the human 13q14 locus and a point mutation 

in the miR-16-1 sequence. Levels of miR-16 are innately reduced in NZB lymphoid 

tissue and the addition of exogenous miR-16 to a NZB-derived CLL cell line resulted in 

decreased cell synthesis and increased apoptosis suggesting its role as a molecular 

lesion (Raveche et al, 2007). Furthermore, a transgenic mouse model created to mimic 

deletion of the miR-15a/16-1 cluster caused development of indolent B cell 

lymphoproliferative disorders reminiscent of human B-CLL (Klein et al, 2010).  

 Dysregulation of this cluster has also been linked with several lymphoma types. 

Deletions of 13q14.3 occur in 13% of DLBCL cases, however reduction in levels of miR-

15a/16-1 are not observed (Mian et al, 2012). Contribution of this deletion to DLBCL 

pathogenesis is suspected to be a result of subsequent loss of the tumour suppressor 
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RB1. Conversely, Fang et al (2011) found that miR-15a/16-1 were significantly elevated 

in serum from patients with DLBCL.  

 

miR-21 

 The overexpression of miR-21 has been observed in many cancer types 

including Hodgkin and non-Hodgkin lymphoma (NHL) (Lawrie, 2013). It was first 

identified as an anti-apoptotic oncomiR in glioblastoma (Chan et al, 2005). miR-21 

targets many tumour suppressors including PTEN, PDCD4 and inositol poyphophate-5-

phosphatase 1 (INPP5D) in natural killer (NK) cell lymphoma and acidic nuclear 

phosphoprotein 32A (ANP32A) and SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin A4 (SMARCA4) in B-cell lymphoma (Yamanaka et al, 

2009; Schramedei et al, 2011). miR-21 is also significantly elevated in HIV-infected 

patients that go on to develop AIDS-related NHL (Thapa et al, 2012). 

 Induction of miR-21 in a transgenic knock-in mouse model resulted in 

spontaneous development of lymphoma resembling precursor B cell lymphoblastic 

lymphoma/leukemia (Medina et al, 2010). Furthermore, doxycycline-induced removal of 

the miR-21 stimulus resulted in apoptosis and complete regression of the tumour. 

These results led the authors to suggest that tumours can become addicted to 

oncomiRs and devised the termed oncomiR ‘addiction.’  

 Expression levels of miR-21 are found to be higher in serum from patients with 

DLBCL and are higher in the activated B cell (ABC) compared to the germinal centre B 

cell (GCB) subtype of DLBCL (Lawrie et al, 2007).  

 

miR-155 

 miR-155 plays an active regulatory role in lymphocyte development and immune 

function under normal conditions (Rodriguez et al, 2007). However, dysregulation of 

miR-155 can contribute to the development of malignant conditions. miR-155 is highly 

expressed in various hematological malignancies including DLBCL, primary mediastinal 

B cell lymphoma and HL (Kluiver et al, 2005). Conversely, dysregulation of miR-155 in 

Burkitt lymphoma (BL) was observed as being downregulated (Kluiver et al, 2006). 



 25  

 miR-155 directly targets human germinal-centre associated lymphoma (HGAL), 

which results in decreased Ras homolog A (RHOA) activity and increased lymphoma 

cell motility and migration (Dagan et al, 2012). It has been demonstrated that miR-155 

directly targets mothers against decapentaplegic homolog 5 (SMAD5), resulting in 

DLBCL that is resistant to the growth-inhibitory effects of transforming growth factor 

beta 1 (TGF-β1) (Rai et al, 2010).  

 The oncogenic phosphoinositide-3-kinase/protein kinase B (PI3K/AKT) pathway, 

which is activated in DLBCL, can be regulated by miR-155 through direct targeting of 

the negative regulator phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) or 

INPP5D, resulting in increased AKT activity and inhibition of cell death (Huang et al, 

2012; O’Connell et al, 2009). Pederson et al (2009) found that overexpression of miR-

155 under the influence of tumour necrosis factor-alpha (TNFα) diminished INPP5D 

levels and promoted growth of DLBCL cells in vitro and in xenotransplant models. In Eµ-

miR-155 transgenic mice the direct targeting of INPP5D and CCAAT enhancer-binding 

protein beta (CEBPβ), which are regulators of the IL-6 signaling pathway, resulted in 

accumulation of large precursor B cells and acute lymphoblastic leukemia/high grade 

lymphoma (Costinean et al, 2009). It has been shown that INPP5D levels and miR-155 

are differentially expressed between ABC and GCB subtypes of DLBCL (Alizadeh et al, 

2000; Eis et al, 2005).  

 A more recent study found that induction of miR-155 in the lymphoid tissue of 

knock-in mice resulted in disseminated lymphoma (Babar et al, 2012). Subsequent 

withdrawal of miR-155 expression through a nanoparticle-based therapy lead to rapid 

regression of the lymphadenopathy and demonstration of oncomiR ‘addiction.’ Sandhu 

et al (2012) found that in Eµ-miR-155 transgenic mice, miR-155 indirectly 

downregulates BCL6 by repressing its corepressor histone deacetylase 4 (HDAC4) to 

promote cell survival and proliferation.  

 

miR-17-92 cluster 

 The miR-17-92 cluster encodes for six different miRNAs including miR-17, miR-

18a, miR-19a, miR-20a, miR-19b-1, miR-92a-1 (Auer, 2011). This cluster is located at 

chromosome 13q31-q32 and is a region frequently amplified in human hematological 
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malignancies including lymphoma and several other tumour types (Ota et al, 2004). The 

amplification of this cluster frequently occurs in GCB, but not in ABC DLBCL (Lenz et al, 

2008). The gene expression profile for miR-17-92 has also shown promise in 

differentiating between GCB DLBCL and high-grade follicular lymphoma, which are 

difficult to morphologically differentiate (Fassina et al, 2012). As mentioned earlier, miR-

17-92 is essential for B cell development and targeted deletion in mice leads to 

increased expression of BCL2L11 and blockage of pro-B to pre-B cell development 

(Ventura et al, 2008).  

 miR-17-92 directly downregulates BCL2L11 and PTEN and overexpression in 

lymphocytes of transgenic mice resulting in development of lymphoproliferative disease 

and autoimmunity through increased proliferation and survival of activated B and T cells 

(Xiao et al, 2008). miR-19a has been identified as the primary oncogenic component of 

this cluster and antagonizes PTEN in the Eµ-Myc model to activate the PI3K/AKT 

pathway and promote cell survival and malignant transformation (Olive et al, 2009). The 

amplification of 13q31-q32 or deletion of PTEN are frequently detected in GCB DLBCL 

(Lenz et al, 2008). 

 MYC transcription factor is known to upregulate the miR-17-92 cluster and in the 

Eµ-Myc mice model there is a synergistic effect contributing to aggressive cancer 

development (Tagawa et al, 2007). Upregulation of miR-17-92 leads to repression of the 

pro-apoptotic E2 transcriptional factor 1 (E2F1) and promotes cell cycle progression 

through this MYC target gene network (O’Donnell et al, 2005).  

 

miR-34a 

 miR-34a plays a tumour suppressive role and is encoded at the 1p36 locus and 

is frequently lost in a broad range of human cancers and epigenetically silenced in 

many hematopoietic malignancies (Bagchi & Mills, 2008; Chim et al, 2010). miR-34a is 

induced by the p53 network to inhibit expression of FOXP1, which is considered a 

mature B cell oncogene (Rao et al, 2010). Fang et al (2011) found that miR-34a is 

significantly downregulated in serum of patients with DLBCL. In a recent study, 

xenotransplant DLBCL mice with minimal exogenous levels of miR-34a received 
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intratumoural and intravenous replacement therapy, which resulted in significantly 

reduced tumour growth and higher apoptosis rates (Craig et al, 2012). 

 This miRNA is involved in a positive feedback loop within the p53 network and 

exhibits anti-proliferative and pro-apoptotic activity. p53 induces miR-34a expression, 

which in turn activates p53 through inhibition of Sirtuin 1 (SIRT1), which is a regulator 

protein of cellular senescence and limits longevity (Yamakuchi & Lowenstein, 2009). In 

contrast, MYC downregulates expression of miR-34a (Chang et al, 2008). 

 

miR-125b 

 This miRNA is associated with chromosomal abnormalities in myeloid and 

lymphoid malignancies and ectopic expression in hematopoietic stem cells leads to 

neoplastic development (Bousquet et al, 2010). miR-125b downregulates expression of 

IRF4 and PRDM1, which are key transcription factors necessary for B cell differentiation 

into memory and plasma cells (Malumbres et al, 2009).  

 miR-125a and miR-125b have been shown to directly target tumour necrosis 

factor alpha-induced protein 3 (TNFAIP3), which is a negative regulator of the nuclear 

factor-kappa B (NF-kB) pathway. Overexpression of these miRNAs and activation of the 

NF-kB pathway were shown to increase the aggressiveness of DLBCL cell lines (Kim et 

al, 2012). Transgenic mice mimicking the chromosomal translocation t(11;14)(q24;q32) 

and constitutive expression of miR-125b of B cell precursor acute lymphoblastic 

leukemia, resulted in development of lethal B cell malignancies (Enomoto et al, 2011). 

 

1.4.3 Prognostics  

 In addition to diagnostic potential, studies suggest miRNAs possess prognostic 

significance and may be used as predictors of outcome. For DLBCL, miR-21 has been 

established as a differentiator between ABC and GCB subtypes (Lawrie et al, 2007). 

The ABC subtype is considered more clinically aggressive and Li et al (2015) found that 

higher expression of miR-21 in serum of patients with DLBCL resulted in significantly 

worse overall survival. Conversely, Lawrie et al (2008) found that high levels of miR-21 

were associated with improved relapse-free survival times. Alterations in miR-21 are 

also associated with chemoresistance and regulate the sensitivity of DLBCL cells to the 
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CHOP chemotherapy protocol by targeting PTEN, which is a negative regulator of 

PI3K/AKT signaling. The knockdown of miR-21 increased the expression level of PTEN 

and improved cytotoxic effects of chemotherapeutic drugs (Bai et al, 2013). Therefore, 

miR-21 may potentially serve as a future therapeutic target.   

 Montes-Morena et al (2011) characterized a miRNA-cell of origin (COO) 

signature composed of 8 miRNAs to differentiate between ABC and GCB DLBCL, 

however a separate panel of 9 miRNAs (miR-93, miR-221, miR-222, miR-331, miR-451, 

miR-28, miR-151, miR-148a, miR-491) was established for prognostics. Overall low 

expression levels of these 9 miRNAs in formalin-fixed paraffin-embedded (FFPE) tissue 

were significantly associated with better overall survival (OS) and PFS for DLCBL 

patients undergoing R-CHOP chemotherapy. Using a combination of this miRNA panel 

and the international prognostic index (IPI) score the accuracy of prognosis 

predictability could be improved. 

 Another study investigating FFPE biopsies from DLBCL patients undergoing 

CHOP or R-CHOP therapy revealed that lower levels of miR-129-5p were correlated 

with shorter OS (Hedström et al, 2013). A similar study found that higher levels of miR-

18a were correlated with shorter OS and decreased miR-181a and increased miR-222 

were correlated with shorter PFS (Alencar et al, 2011). Zhong et al (2012) observed that 

patients with lower expression of both miR-155 and miR-146a in tissue achieved higher 

complete remission and response rates and longer PFS. In addition, patients with high 

levels of miR-155 benefited more from the addition of rituximab to CHOP therapy.  

 More recently, Wang WL et al (2014) investigated the role of miR-23a in DLBCL, 

which is dysregulated in many hematological malignancies. They observed that higher 

expression levels of miR-23a in FFPE lymph nodes was significantly associated with 

shorter OS. Another study found that overexpression of miR-199a and miR-497 was 

associated with better OS, which was a result of increased drug sensitivity to 

chemotherapy (Troppan et al, 2015). Furthermore, Yuan et al (2016) observed that 

higher circulating levels of miR-125b and miR-130a were associated with 

chemoresistance in DLBCL and patients with higher miR-125b had shorter OS. 
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1.4.4 Canine Lymphomagenesis 

 The dog represents a potential animal model for studying lymphomagenesis as 

lymphoma is the most common hematopoietic tumour in dogs and shares many 

similarities to the human disease. Currently, there are limited studies investigating 

miRNA expression in canine lymphoma.  

 Differential expression of miRNA in canine lymphoma was first identified in fresh-

frozen and FFPE lymph node samples by Mortarino et al (2010). A panel of eleven 

canine miRNAs (let-7a, miR-16, mir-17-5p, miR-21, miR-26b, miR-29b, miR-125, miR-

150, miR-155, miR-181a and miR-223) were investigated and three suitable 

endogenous controls were established (miR-16, miR-26b and let-7a). Assessment of 

differential expression for four target miRs (miR-17-5p, miR-29b, miR-155 and miR-

181a) detected significant upregulation of miR-17-5p in B cell lymphoma and miR-181a 

in T cell lymphoma. In addition, there was a significant difference in the miR-181a/miR-

17-5p gene molar ratio between B cell and T cell lymphomas.  

 A study by Uhl et al (2011) assessed miRNA expression in six different canine 

lymphoid cells lines and fresh lymph node samples from canine B and T cell 

lymphomas. They used a modified Cancer miRNA qPCR Array to profile 95 human 

miRNAs known to be involved in apoptosis, differentiation and cancer. They performed 

quantile normalization and compared lymphoma samples to normal canine peripheral 

blood mononuclear cells (PBMC) and normal lymph nodes. B cell lymphomas had 

increased expression of miR-19a/19b and decreased expression of miR-181a, miR-203, 

miR-204 and miR-218. T cell lymphomas had increased expression of miR-17-5p, miR-

20a, miR-106a, miR-181b and miR-183 and decreased expression of miR-149, miR-186 

and miR-218. Therefore, in combination with the findings of Mortarino et al (2010), B 

and T cell lymphoma both expressed upregulation of miR-17-5p. However, miR-181a 

was upregulated in T cell lymphoma and conversely downregulated in B cell lymphoma.  

 Albonico et al (2013) conducted a retrospective study to investigate miRNA 

expression in canine primary splenic lymphoma. FFPE lymphoma samples were 

classified and graded according to the WHO classification system. Four canine miRNAs 

(miR-17-5p, miR-29b, miR-155 and miR-181a) were assessed and normalization was 

performed using miR-16 as the endogenous control. They found that the miR-17-
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5p/miR-155 molar ratio correlated with WHO grading and may represent a molecular 

tool for grading canine splenic lymphomas.  

 A more recent study by Fujiwara-Igarashi et al (2015) collected serum samples to 

identify the expression profile of circulating miRNAs in dogs with lymphoma. A canine 

PCR array was used to profile 277 miRNAs and differential expression was determined 

using non-miRNA genes (RNU6-2 and SNORD96A-1) as endogenous controls. The 

lymphoma group, which included both B and T cell phenotypes together, showed 

increased expression levels of miR-423a and decreased expression of let-7b, miR-223, 

miR-25 and miR-92a. Furthermore, let-7b and miR-223 were decreased in multicentric 

lymphoma compared to controls. The use of non-miRNA genes as endogenous controls 

in this study is of concern because they do not have the same physiochemical 

properties as miRNA and it has been argued that controls should belong to the same 

RNA class (Meyer et al, 2010). In addition, other canine and human studies have found 

RNU6-2 to be unstably expressed in normal and neoplastic tissues and whole blood 

and therefore an unsuitable control (Mortarino et al, 2010; Gioia et al, 2011; Peltier & 

Latham, 2008). It is advised that non-miRNA endogenous control genes for miRNA 

expression studies be critically evaluated for proper normalization.  

 

Table 1.4: Summary of dysregulated miRNAs identified in canine lymphoma patients 

according to immunophenotype (Mortarino et al, 2010; Uhl et al, 2011).   

Immunophenotype Dysregulated miRs 

B-cell miR-17-5p, miR-19a/19b, miR-181a, miR-203, miR-204, miR-218 

T-cell miR-17-5p, miR-20a, miR-106a, miR-149, miR-181a, miR-181b, miR-183, 
miR-186, miR-218 

 

 

1.5 Summary 
 Canine multicentric lymphoma is routinely diagnosed by cytological evaluation, 

however establishment of a molecular tool with higher detection sensitivity would be 

beneficial for screening purposes, monitoring response to therapy or identification of 

early recurrence. Remission is often achieved with standard chemotherapy, but 
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prognosis is variable, and we are unable to predict which dogs may benefit from this 

therapy prior to initiation.  

 The discovery of miRNA and its investigation in human malignancies has 

provided insight into its potential as an extensive new source of biomarkers. Effective 

biomarkers are in high demand for canine lymphoma to aid in the detection of disease 

and predict response to therapy and overall prognosis. Dysregulation of miRNA affects 

cancer hallmarks and plays a functional role in development and progression. 

Identification of specific miRNAs that act as drivers in lymphomagenesis may 

consequently reveal targets for future therapy.  

 The goal of my research is to further characterize cancer-specific miRNAs for 

canine multicentric lymphoma. Our objective is to determine if miRNA profiles from dogs 

with multicentric B and T cell lymphoma are different from healthy control dogs. We will 

compare expression from lymph node aspirates to corresponding plasma samples and 

assess for changes at relapse compared to diagnosis. Furthermore, we will determine 

how miRNA profiles correlate with clinical outcome including response to therapy and 

prognosis. 
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CHAPTER 2 - Pilot Study 
 

2.1 Introduction 
MicroRNAs (miRNAs) are small non-coding RNAs that participate in post-

transcriptional gene regulation to modify biological processes (Bartel, 2004). 

Dysregulation of miRNA expression functionally cooperates with hallmarks of cancer 

(Lin & Gregory, 2015). The goal of miRNA profiling is to identify potential biomarkers 

that may be useful for diagnosis, prognosis and identification of future targeted 

therapies. The widespread presence of miRNA in cells, tissues and body fluids 

combined with their robust stability may represent an extensive minimally-invasive 

resource of biomarkers (Cortez et al, 2011).  

miRBase currently provides a catalogue of 502 miRNAs annotated in the Canis 

familiaris genome. A more recent improved miRNA annotation of the canine genome 

identified a set of 811 loci including 720 conserved and 91 novel miRNA loci based on 

small RNA sequencing data (Penso-Dolfin et al, 2016). Quantitative RT-PCR is 

generally considered the gold standard for miRNA quantification and a canine specific 

miRNA PCR array is available for 277 target sequences (Qiagen, Toronto, Canada). 

There are limited studies exploring aberrant miRNA expression in canine 

lymphoma. Uhl et al (2011) profiled canine lymphoid cell lines and lymph nodes from 

clinical cases using a modified Cancer miRNA qPCR Array for profiling 95 different 

human miRNAs. Two other canine studies investigated expression of four specific 

miRNAs using single tube human Taqman assays to profile lymph nodes and splenic 

tissue (Mortarino et al, 2010; Albonico et al, 2013). miRNA profiling has previously been 

performed with the dog miRNome array to investigate expression in serum from dogs 

with multiple forms of lymphoma (Fujiwara-Igarashi et al, 2015). In addition, our lab has 

utilized this array to assess plasma samples from dogs with multicentric lymphoma. To 

our knowledge, there are no studies that have evaluated the dog miRNome array to 

profile lymph nodes for canine lymphoma.   
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2.2 Hypothesis and Objectives 
The aim of this pilot study was to determine miRNA expression in lymph node 

aspirates from canine lymphoma patients. We hypothesized that specific miRNAs will 

be differentially expressed between lymph nodes from dogs with multicentric B and T 

cell lymphoma compared to lymph nodes from healthy control dogs. Our objectives 

were to 1) optimize detection of miRNA in lymph node aspirates, 2) characterize the 

miRNA profiles from dogs with lymphoma compared to healthy control dogs and 3) 

identify relevant miRNAs for inclusion in a customized PCR array with a condensed 

number of miRNA target sequences that will be more economical for larger sample 

sizes.  

 

2.3 Materials and Methods  
 

2.3.1 Case recruitment 

Informed consent was obtained from all clients and an animal utilization protocol 

(AUP) was approved by the University of Guelph Animal Care Committee. 

 

Healthy control dogs 

To assess baseline miRNA expression, lymph node samples were collected from 

10 healthy control dogs. These consisted of privately-owned dogs from staff and 

students at the University of Guelph and dogs from a local animal control kennel. 

Inclusion criteria included no abnormalities on physical examination, complete blood 

count, biochemistry profile and lymph node cytology. Dogs with known history of 

disease or an abnormal laboratory result were excluded. 

 

Lymphoma patients  

Strict inclusion and exclusion criteria were applied for selection of dogs with 

lymphoma. Only those with newly diagnosed multicentric lymphoma were considered. 

Dogs had to be free of concurrent disease and naïve with respect to prednisone 

therapy. Cytology was required for routine diagnosis and immunophenotyping by flow 
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cytometry had to be performed to confirm B or T cell origin. Dogs with other forms of 

lymphoma or concurrent disease at time of diagnosis were excluded.  

 

2.3.2 Immunophenotyping 

Immunophenotyping for dogs with lymphoma was performed by Dorothee 

Bienzle’s laboratory, Department of Pathobiology, University of Guelph. Lymph node 

aspirates were collected into flow cytometry buffer and were analyzed immediately or 

stored at 4˚C for a maximum of 24 hours. The flow buffer was composed of phosphate 

buffered saline (PBS) with 1% serum, 5mM ethylenediaminetetraacetic acid (EDTA) and 

0.1% sodium azide. Flow cytometric immunophenotype of the neoplastic cells was 

determined using a FACScan instrument (BD Biosciences, Mississauga, Canada). 

Leukocytes were stained with a panel of 11 antibodies including: CD3FITC (CA17.2A12, 

T lymphocytes), CD4FITC (YKIX302.9, neutrophils and T-helper lymphocytes), CD5FITC 

(YK1X322.3, T lymphocytes), CD8αPE (YCATE55.9, cytotoxic T lymphocytes), CD14PE 

(TUK4, monocytes), CD18A647 (CA1.4E9, all leukocytes), CD21PE (Ca2.1D6, B 

lymphocytes), CD22PE (RFB4, Novus, B lymphocytes), CD34PE (1H6, hematopoietic 

stem cells), CD45FITC (YK1X716.13, all leukocytes) and MHCII (YK1X334.2, 

lymphocytes and monocytes) (Bio-Rad, Berkeley, CA). Immunophenotype was based 

on antigen detection and interpretation by Dorothee Bienzle, DVM, PhD, DACVP.  

 

2.3.3 Target miRNA selection 

 For the pilot study, 277 miRNA sequences in the dog genome were profiled to 

quantify expression in lymph node samples. An array-based model (384-well format) 

known as the dog miRNome miScript miRNA PCR array (Qiagen) was utilized. A full list 

of target miRNAs (miRs) can be found in Appendix 1. The mature sequence for each 

miRNA can be accessed through GeneGlobe (Qiagen, www.qiagen.com). 

 

2.3.4 Sample collection 

Lymph node samples were collected by fine needle aspiration using a 22-gauge 

needle and 6mL syringe from one peripheral lymph node. Samples from lymphoma 

patients were collected at diagnosis by the Animal Cancer Centre at OVC and 
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immediately placed into 200µL of RNAlater stabilization solution (Life Technologies, 

Burlington, Canada) to be transported and then stored at -20˚C. Samples from control 

dogs were immediately placed into 700µL of QIAzol lysis reagent (Qiagen) and stored at 

-80˚C. The presence of lymphocytes in the control samples was confirmed by cytologic 

evaluation.  

 

2.3.5 RNA extraction 

 Lymph node samples stored in RNAlater were diluted with 1000µL PBS buffer to 

decrease viscosity and then centrifuged at 5,000g for 5 minutes at room temperature to 

produce a cell pellet. The supernatant was then removed, and RNA extracted as 

directed by the manufacturer using the miRNeasy mini kit (Qiagen) starting with addition 

of 700µL QIAzol lysis reagent to the pellet. The control samples were already stored in 

700µL QIAzol lysis reagent.  Homogenization of all samples was accomplished by 

vortexing. Then, 140µL of chloroform was added to the samples, mixed and centrifuged 

at 12,000g for 15 minutes at 4˚C. The sample was then precipitated with 100% ethanol 

and additional Qiagen buffers in a column-based extraction method. RNA was eluted 

using 30µL of RNase-free water.  

 Total RNA concentration and contaminant identification (260/230 and 260/280 

ratios) were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific, Delaware, USA). miRNA concentration was measured using a Qubit 2.0 

fluorometer (Life Technologies) and Qubit microRNA assay kit.  

 Ten RNA samples from each of the three groups (control, B cell, T cell) were 

then divided into 2 pools of 5 samples to create 2 biological replicates per group. Each 

sample was diluted to 50ng/µL and then 5µL from each sample was mixed together to 

attain the pooled template RNA (25µL total, 50ng/µL).   

 

2.3.6 Quantitative RT-PCR 

Reverse transcription of RNA was performed using the miScript II RT kit as 

directed by the manufacturer (Qiagen). The reaction was prepared on ice and 250ng 

(5µL) of template RNA was added to the reverse-transcription master mix and incubated 
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at 37˚C for 60 minutes, followed by 95˚C for 5 minutes. The cDNA samples were then 

diluted with 90µL of RNase-free water and stored at -20˚C.  

Real-time reverse transcription polymerase chain reaction (RT-PCR) was used to 

quantify the expression of 277 miRNAs on a 384-well PCR array plate. Each array also 

included a set of six normalization controls, a spike-in control (cel-miR-39) and controls 

to assess reverse transcription and PCR performance. The set of normalization and 

spike-in controls were not utilized for this study. 

Using the miScript SYBR green PCR kit (Qiagen), 80µL of template cDNA was 

mixed with 1600µL QuantiTect SYBR Green PCR master mix, 320µL miScript universal 

primer and 1200µL RNase-free water. A Biomek NX robotic pipettor (Beckman Coulter, 

Mississauga, Canada) was used to add 10µL of the above solution to each well of the 

array plate containing primers. Subsequently, RT-PCR was performed using a Roche 

LightCycler 480 II (Roche, Indianapolis, USA). The reaction was incubated at 95˚C for 

15 minutes, followed by 45 cycles of 94˚C for 15 seconds, 55˚C for 30 seconds and 

70˚C for 30 seconds.  

 

2.3.7 Data analysis  

 All analyses were performed using the GeneGlobe Data Analysis Center 

(Qiagen, www.qiagen.com). Quality control assays were analyzed for relative efficiency 

of reverse transcription and overall PCR performance. The global Ct mean of target 

miRNAs commonly expressed in all samples was used for normalization of RT-PCR 

data and calculation of ∆Ct values. The Ct cut-off for lower limit of detection was set at 

35. Relative quantification was determined using the ∆∆Ct method where ∆Ct = average 

Ct (target miR) – Ct (global mean) and ∆∆Ct = average ∆Ct (test group) – average ∆Ct 

(control group) (Pfaffl, 2001). Fold changes were calculated using 2-(∆∆Ct) to assess for 

differences in miRNA expression between the control group and diseased groups. P-

values were not generated because three is the minimum number of biological 

replicates per group required to detect outliers and to obtain statistical significance 

(Goni et al, 2009).  
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2.3.8 Design of custom PCR array 

 miRNAs with a greater than 5-fold change in expression and robust amplification 

(Ct less than 30) were considered for the customized PCR array. The ultimate selection 

of miRNA target sequences was based on findings of this pilot study, review of the 

literature and inclusion of commonly used endogenous controls.  

 

2.4 Results 
 

2.4.1 Patient characteristics  

Thirty dogs in total were recruited into this pilot study to establish a control group 

and two test groups consisting of dogs with B or T cell lymphoma. This included 10 

healthy control dogs, 10 dogs with B cell lymphoma and 10 with T cell lymphoma. A 

summary of patient characteristics can be found in Table 2.1.  

 

Table 2.1: Patient characteristics. 

 Healthy controls (n=10) B cell lymphoma (n=10) T cell lymphoma (n=10) 

Age range 2-10 years (mean 5.4) 4-9 years (mean 6.5) 6-12 years (mean 7.7) 

Sex Male intact n=2 
Male neutered n=7 
Female spayed n=1 

Male intact n=2 
Male neutered n =4 
Female spayed n=4 

Male neutered n=7 
Female spayed n=3 

Breed Mixed *large breed n=3 
Mixed **medium breed n=2 
Mixed ***small breed n=1  
Australian shepherd n=1 
German shepherd n=1  
German shorthaired pointer n=1 
Standard poodle n=1  

Golden retriever n=2 
Mixed medium breed n=1 
Mixed small breed n=1 
Border collie n=1 
Cocker spaniel n=1 
Doberman pinscher n=1 
German shepherd n=1 
Lhasa apso n=1 
Viszla n=1 

Boxer n=3 
Golden retriever n=2 
Mixed small breed n=1 
Boston terrier n=1 
Dogue de Bordeaux n=1 
Labrador retriever n=1 
Weimaraner n=1 
 

*large breed >30 kg, **medium breed 10-30 kg, ***small breed <10 kg 

 

2.4.2 Quantification of miRNA in samples 

 Each sample was quantified using the Nanodrop for total RNA concentration 

followed by the Qubit fluorometer to confirm the presence of miRNA. A summary of total 

RNA and miRNA concentrations can be found in Table 2.2. 
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Table 2.2: Summary of total RNA and miRNA concentrations in lymph node samples for 

healthy control dogs and dogs with B and T cell lymphoma.  

 Range (ng/µL) Mean +/- SD (ng/µL) 
Healthy control   
Total RNA 33.90-777.30  231.78 +/- 226.64  
miRNA 2.4-271.3  76.9 +/- 93.9  
B cell lymphoma   
Total RNA 120.70-984.10  328.76 +/- 286.68  
miRNA 33.0-196.3  84.4 +/- 52.3  
T cell lymphoma   
Total RNA 76.10-396.40  198.76 +/- 104.74  
miRNA 10.7-84.5  52.9 +/- 27.5  
 

 

2.4.3 Raw Ct expression 

 The presence of 256 out of 277 canine target miRNAs in the dog miRNome array 

was confirmed by successful amplification based on an average Ct value less than 35 in 

the control and/or lymphoma lymph node samples.  

 

2.4.4 Global mean for normalization 

 The global mean was calculated for each miRNome array plate to perform 

normalization of the Ct data. The number of miRNAs meeting criteria for this calculation 

varied between samples from 151 to 232 targets based on Ct values less than the lower 

limit of detection (Ct <35). The global mean values ranged from 24.02 to 29.77.  

 

2.4.5 Differential miRNA expression in lymphoma patients  

 Fold changes based on relative expression were calculated for the B and T cell 

lymphoma groups in comparison to the healthy control group. A greater than 5-fold 

increase or decrease in expression was used to define a miRNA as significant for this 

study. This definition was chosen to considerably narrow down the number of targets to 

58 miRNAs. miRNAs with average Ct values that were relatively low (>30) in both 

control and lymphoma samples were excluded because fold change results may have 

greater variation. miRNAs with average Ct values that were undetermined or greater 

than the Ct cut-off (35) in both samples were also excluded because fold change results 
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could not be interpreted. Data from the top row (wells A1-24) of the array plate were 

excluded due to edge effects resulting in inconsistent or undetermined amplification. 

The exception to this was miR-181b (well A22), which had consistently high 

amplification across all pooled samples.  

For B cell lymphoma, 13 miRNAs were upregulated, and 27 miRNAs were 

downregulated compared to the control group (Figure 2.1). For T cell lymphoma, 14 

miRNAs were upregulated, and 30 miRNAs were downregulated compared to the 

control group (Figure 2.2). There were 26 miRNAs similarly altered in both the B cell 

and T cell lymphoma groups. A summary of all upregulated and downregulated miRNAs 

can be found in Appendix 2 and 3.  

Furthermore, only miRNAs with an average Ct value less than 30 (high 

amplification) for each group were considered for the customized PCR array. This 

criterion was used to increase the probability of detection in all subsequent samples. 

These miRNAs are summarized in Table 2.3. 

 

Table 2.3: Summary of miRNAs for B and T cell lymphoma with a greater than 5-fold 

change in expression and average cycle threshold (Ct) value less than 30. Bolded 

miRNAs were expressed in both B and T cell lymphoma.  

 B cell lymphoma  T cell lymphoma 
Upregulated cfa-miR-31, -130b, -155, -181d, 

-182, -183, -320, -423a, -454,  
-483, -505, -1306 

cfa-miR-130b, -181a, -181b,  
-181c, -181d, -182, -183,  
-200c, -450a, -450b, -454 

Downregulated cfa-miR-19a, -19b, -27a, -29a,  
-29b, -29c, -125b, -142, -148a,  
-199, -374a 

cfa-miR-18a, -19a, -19b, -22,  
-29a, -29b, -29c, -31, -34a,  
-99a, -101, -143, -145, -148a,  
-152, -216b, -497, -660 

 

 

 In addition, fold changes were manually calculated for a few target miRNAs that 

only had a single Ct value, which included miR-99a. For B cell lymphoma, this miRNA 

had high amplification (low Ct) in one pooled group, but undetected amplification in the 

other. Based on the Ct result of the single pooled sample a fold change >5 was 

calculated and therefore this miRNA was also considered for the customized plate to 

subsequently confirm significance with a larger sample size.  



 40  

Fold changes could not be calculated for miRNAs when expression was only 

detectable in either the control or test group, but not in the other. However, it was noted 

that several miRNAs had relatively high expression (Ct <30) in the control group with 

undetectable expression (Ct>35) in the B cell (miR-135b, -141, -144, -205, -216a, -217) 

or T cell (miR-205) lymphoma groups. These findings may also indicate significant 

downregulation of these miRNAs in lymphoma patients. 

 

2.4.6 Customized PCR array 

 A summary of the customized PCR array including 38 canine target miRNAs and 

controls can be found in Table 2.4.  

 

Table 2.4: Customized canine target miRNAs and controls.  
Custom PCR array  
Canine target miRs cfa-miR-15a, -16, -18a, -19a, -19b, -21, -23a, -26b, -27a, -29a, -29b, -29c, 

-30b, -31, -34a, -99a, -101, -125a, -125b, -127, -130b, -143, -145, -146a,  
-148a, -150, -155, -181a, -181b, -181c, -181d, -182, -183, -222, -423a,  
-450a, -450b, -451 

Controls *cel-miR-39-3p, **miRTC, ***PPC 
*C. elegans miR-39, **reverse transcription and ***PCR controls 

 

2.5 Discussion 
Canine lymphoma displays significant clinical and pathological overlap with the 

human disease, and it has been proposed that the dog is a valuable animal model for 

research (Sahabi et al, 2018). Dogs share the same environment and are exposed to 

similar stressors that may impact cancer development and they have a shorter lifespan 

to facilitate longer term studies. Furthermore, lymphoma spontaneously develops in 

dogs and they have higher genetic variability and more similarities to the human 

genome than traditional laboratory rodents indicating they are superior models for 

molecular studies (Wagner et al, 2013). In humans, there has been a vast effort to 

investigate the role of miRNAs in cancer, however, there is currently limited research on 

canine miRNAs and neoplasia. Our goal is to identify potential miRNA biomarkers that 

may participate in the pathogenesis of canine lymphoma.  
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Our pilot study describes a screening method for biomarker discovery by 

performing miRNome profiling on canine lymph nodes. The aim was to identify key 

miRNAs that were readily amplified with robust differential expression between lymph 

nodes of lymphoma patients and healthy control dogs. Designing a customized PCR 

array with a condensed number of target miRNAs will provide time and cost savings for 

subsequent investigations. Samples were pooled in this pilot to conserve experimental 

materials and to minimize individual variance. The selected targets were further 

analyzed in a follow up prospective study by utilizing a larger individual sample size to 

detect statistical significance. 

The qPCR technique is generally considered the gold standard for miRNA 

quantification due to its high sensitivity and accuracy, especially with low input RNA 

samples (Mestdagh et al, 2014). The development of qPCR arrays allows multiple 

targets to be assayed in parallel for large profiling studies. Other common platforms 

include microarray hybridization and small RNA sequencing (RNAseq). It is advised that 

expression studies using one platform are followed up with validation by means of an 

alternative platform. Quantification of miRNAs has unique challenges as a result of their 

short length (~22 nucleotides) and 3’ heterogeneity. Mature miRNAs lack a common 

sequence for selective purification and the target sequence is also present in the 

primary transcript and precursor miRNA (Benes & Castoldi, 2010). In addition, they are 

too short to serve as templates for qPCR and must be elongated during reverse 

transcription (D’haene et al, 2011). miRNAs can be reverse transcribed individually by 

miRNA-specific primers or tailed with a common sequence recognized by a universal 

primer (Benes et al, 2010).  

The miScript II RT kit (Qiagen) uses a HiSpec buffer to selectively convert small 

RNA templates into cDNA for a specific synthesis reaction. The mature miRNAs are 

polyadenylated by poly(A) polymerase and converted to cDNA using oligo-dT primers 

that contain a universal tag sequence. This ensures that all miRNAs are equally 

converted to cDNA without bias and the anchored primer serves as a common priming 

site (Semmelmann et al, 2013). The cDNA is subsequently used for qPCR using a 

universal reverse primer that is complementary to the universal tag.  
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 Normalization of data prior to interpretation is an important step for differentiating 

experimentally induced variation from true biological changes. Sources of variation may 

include technical aspects such as amount of starting material and enzymatic efficiencies 

or inconsistencies between samples in overall transcriptional activity (Vandesomplele et 

al, 2002). Currently, there is no consensus on the best approach for normalization and a 

single universal control cannot be used for all experimental conditions. Common 

strategies include normalization to a panel of small non-coding RNAs 

(snoRNAs/snRNAs), invariant endogenous miRNAs or normalization by the global 

mean (Meyer et al, 2010). More complex algorithms including lowess, quantile and rank 

invariant normalization have also been established (Mestdagh et al, 2009). For reasons 

discussed below, we chose to use the global mean method for normalization in this 

study.  

The miRNome miRNA PCR array includes a panel of six snoRNA/snRNA 

normalization controls, however, these were not used for our analysis because 

alternative small non-coding RNAs do not have the same physiochemical properties or 

biogenesis pathway as miRNA. It has been suggested to perform normalization using 

controls belonging to the same class of RNA (Meyer et al, 2010). Suitable endogenous 

miRNA controls are those determined to have the most consistent and stable 

expression across all samples. Multiple algorithms (e.g. geNorm (Vandesompele et al, 

2002), NormFinder (Andersen et al, 2004)) have been developed to facilitate 

identification of normalizers by ranking miRNAs according to their expression stability 

(Deo et al, 2011). The data obtained from this study did not meet the basic 

requirements for Normfinder, in which analysis of at least 8 samples per group is 

recommended. Furthermore, the automatic selection of normalization controls using the 

Qiagen software failed to identify any suitable miRNAs with sufficient stability. This 

selection is based on an allowable maximum amount of variation <1.5 cycles across all 

samples (Qiagen). The inability to identify miRNA with stable expression may have 

been a result of variation in the amount of starting material. For these methods, ideally a 

standardized quantity of extracted RNA should be assessed. However, enumeration of 

cells from the lymph node aspirates was not performed and measurement of total RNA 

by the Nanodrop may not be reliable for low concentration samples, especially in the 
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control groups. Total RNA is the recommended measurement for determining the 

amount of RNA template to be reverse transcribed. The percentage of miRNA present 

is presumed to be constant within tissue types, although this was not verified and may 

contribute to further variation.  

For miRNA profiling studies, the use of global mean normalization has been 

proposed (Mestdagh et al, 2009). This method is only appropriate when a large number 

of targets (e.g. miRNome studies) are being investigated because it’s based on the 

assumption that only a minority of miRNAs are differentially expressed, and the number 

of upregulated and downregulated miRNAs are equal (D’haene et al, 2011). The result 

is a more balanced situation. The global mean expression value is calculated based on 

miRNAs with a Ct value less than the lower limit of detection (Ct <35) across all 

samples. The mean Ct value for each individual array plate is then subtracted from the 

Ct value for each target miRNA to determine the delta Ct. Selection of endogenous 

miRNA controls resembling the global mean expression value can be used for follow-up 

studies targeting only a limited panel of miRNAs (D’haene et al, 2011).  

Normalization by the global mean was ultimately elected for the pilot study. 

However, there was a wide range in the global mean values and varying number of 

targets meeting inclusion criteria for the calculation between samples. These results 

may be explained by variation in the amount of starting material. In addition, 

assessment of the reverse transcription performance between array plates revealed 

variable RT efficiency. This was thought to be an error in the controls located on the 

bottom row resulting from observed edge effects since there were individual target 

miRNAs on each plate with abundant amplification (Ct <22) suggesting no RT inhibition. 

Unfortunately, without a reliable RT control we could not thoroughly rule out variation in 

efficiency contributing to the discrepancy between array plates. Consequently, follow up 

selection of endogenous miRNA controls resembling the global mean for the 

prospective study was thought to be unreliable and an alternative method for 

normalization was pursued using Normfinder.  

Our study findings indicate that many miRNAs are upregulated and 

downregulated in patients with lymphoma compared to healthy control dogs. Similar 

trends in altered expression were noted for miRNAs belonging to the same clusters 
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providing confidence in our observations. These clusters included miR-18a/19a/19b, 

miR-29a/29b, miR-143/145, miR-181a/181b, miR-181c/181d and miR-182/183 and 

miR-450a/450b (miRbase, www.mirbase.org). miRNAs resulting in overexpression or 

underexpression associated with neoplasia may represent oncomiRs or tumor 

suppressor miRs, respectively. Downregulation was observed more commonly than 

upregulation for both B and T cell lymphoma. There were several miRNAs with altered 

expression common to both groups and others that were dependent on 

immunophenotype. Immunophenotype-dependent alterations in expression have been 

observed in other canine studies (see below) and may be useful in establishing a 

miRNA signature for initial diagnostic purposes. Signatures have been developed for 

people to differentiate lymphoma types and subtypes, and for predicting prognosis 

(Lawrie et al, 2009, Montes-Morena et al, 2011). 

Differential expression of miRNAs has previously been identified in canine 

lymphoma including upregulation of miR-181a, miR-181b and miR-183 in T cell 

lymphoma (Mortarino et al, 2010; Uhl et al, 2011). Upregulation was similarly identified 

in our study along with other family members miR-181c, miR-181d and miR-182. 

Conversely, Uhl et al (2011) observed miR-19a/19b to be increased in B cell lymphoma 

patients, while our study found miR-19a and miR-19b to be downregulated in both B 

and T cell lymphoma groups. These two miRNAs are part of the miR-17-92 cluster, 

which is frequently amplified in human hematological malignancies including lymphoma 

(Ota et al, 2004). This cluster is essential for both B and T cell development and targets 

the tumor suppressor PTEN and pro-apoptotic BCL2L11 to promote lymphoproliferation 

(Xiao et al, 2008). The downregulation we observed was unexpected and suggests that 

in our canine population this cluster may have an alternative function in 

lymphomagenesis.   

Notable in this study was a >8-fold upregulation of miR-155 in the B cell 

lymphoma group. This miRNA plays a regulatory role in lymphocyte development and is 

considered an oncomiR with overexpression in human diffuse large B cell lymphoma 

(DLBCL) (Kluiver et al, 2005). Furthermore, miR-34a was downregulated >5-fold in the 

T cell lymphoma group and is considered to play a tumour suppressor role that is lost or 

epigenetically silenced in many human cancers (Chim et al, 2010).  
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Members of the miR-29 family showed downregulation in both lymphoma groups 

in this study. There is evidence that aberrant expression of this family is involved in 

multiple human cancers. miR-29b functions as a tumor suppressor and was proved to 

be an “epi-miRNA”. This class of miRNA is involved in downregulating epigenetic 

enzymes responsible for silencing of tumour suppressor genes in malignant cells (Yan 

et al, 2015). Expression of miR-29b may be repressed by multiple signaling pathways 

controlling cancer activity and has been shown to be directly suppressed by MYC in 

aggressive B cell lymphomas (Zhang et al, 2012). Mortarino et al (2010) found miR-29b 

to be downregulated in canine T cell lymphomas compared to B cell lymphomas.  

Lastly, downregulation of miR-125b was noted in the B cell lymphoma group. 

This miRNA plays a role in the terminal maturation of B cells by downregulating the 

transcription factors interferon regulatory factor-4 (IRF4) and PR domain zinc finger 

protein 1 (PRDM1) that are necessary for differentiation into memory and plasma cells 

(Malumbres et al, 2009). It has also been shown to target tumour necrosis factor alpha-

induced protein 3 (TNFAIP3), which is a negative regulator of the nuclear factor-kappa 

B (NF-kB) pathway commonly overexpressed in DLBCL (Kim et al, 2012). It has been 

described that overexpression of this miRNA can lead to neoplastic development and 

has been linked to increased aggressiveness in human DLBCL cell lines (Bousquet et 

al, 2010; Kim et al, 2012). The downregulation of miR-125b in canine B cell patients in 

this study suggests this miRNA may alternatively play a tumor suppressive role.  

A considerable limitation of the current study was the small sample size 

composed of pooled samples. This made assessment of biological variation among 

individuals impossible and did not allow for evaluation of statistical significance. The 

goal of this pilot was to guide the design of a customized PCR array to be subsequently 

utilized in a larger prospective study. The condensed number of selected target miRNAs 

allowed us to recruit more biological replicates for additional profiling. Furthermore, 

miRNA profiling of both lymph node aspirates and plasma samples will be addressed in 

our follow up study and altered expression will be investigated for association with 

clinical outcome.   

miRNAs may represent an extensive minimally-invasive resource of biomarkers. 

The completion of this screening method for biomarker discovery allowed us to identify 
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miRNAs with robust amplification and differential expression between dogs with 

lymphoma and healthy controls. The eventual objective of miRNA profiling is to 

characterize cancer-specific miRNAs that can be used as molecular tools for disease 

detection and prognostication.   
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FIGURES 

 

 

Figure 2.1: Normalized miRNA expression logarithmic values for healthy controls on the 

x-axis and dogs with B cell lymphoma on the y-axis. The solid diagonal line indicates 

identical expression between groups. Red data points represent a greater than 5-fold 

increase and green data points represent a greater than 5-fold decrease. Black data 

points represent a less than 5-fold change. Data points were excluded if expression was 

not determined (Ct >35) or expression level was low (Ct > 30) in both control and test 

samples. 
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Figure 2.2: Normalized miRNA expression logarithmic values for healthy controls on the 

x-axis and dogs with T cell lymphoma on the y-axis. The solid diagonal line indicates 

identical expression between groups. Red data points represent a greater than 5-fold 

increase and green data points represent a greater than 5-fold decrease. Black data 

points represent a less than 5-fold change. Data points were excluded if expression was 

not determined (Ct >35) or expression level was low (Ct > 30) in both control and test 

samples.   
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CHAPTER 3 - Prospective Study 
 

3.1 Introduction 
Lymphoma is the most common hematopoietic tumour in dogs and displays 

significant clinical and pathological overlap with the human disease (Vail et al, 2013). 

The predominant form of presentation is multicentric, which is characterized by 

generalized lymphadenopathy (Vezzali et al, 2010). This form of lymphoma in dogs is 

routinely diagnosed by cytologic examination of affected lymph nodes. Further 

characterization may be pursued for immunophenotyping, grading and clinical staging, 

all of which may assist in predicting biological behavior.  

Lymphoma is a systemic disease and the most frequent canine neoplasm treated 

with standardized chemotherapy. Remission with chemotherapy is often achieved, but 

the prognosis is variable, and we are unable to conclude with certainty which dogs will 

respond to therapy and for how long. Tumour biomarker discovery is providing new 

tools for diagnostics and for predicting response to therapy and likelihood of survival 

leading to individualized patient care.   

MicroRNAs (miRNAs) are small non-coding RNA molecules of approximately 22 

nucleotides in length that participate in post-transcriptional gene regulation to modify 

biological processes (Bartel, 2004). Dysregulation of miRNA may affect target genes 

involved in cancer hallmarks with functional roles in initiation, progression and 

metastasis (Lin & Gregory, 2015). The widespread presence of miRNA in cells, tissues 

and body fluids combined with their robust stability may represent an extensive 

minimally-invasive resource of biomarkers (Cortez et al, 2011). 

Cancer-specific miRNA profiles can be created by identifying miRNAs with 

significantly altered expression between diseased and healthy individuals. miRNAs with 

prognostic significance may further be used as predictors of various disease outcomes. 

Multiple miRNAs have been recognized in predicting complete remission and response 

rates, progression-free survival and overall survival for human patients with diffuse large 

B cell lymphoma (DLBCL). A miRNA-cell of origin (COO) signature composed of 8 

miRNAs has been characterized to differentiate between the more aggressive activated 

B cell (ABC) subtype and the germinal centre B cell (GCB) subtype and a separate 
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panel of 9 miRNAs was established for prognosis (Montes-Morena et al, 2011). 

For canine lymphoma, there are limited studies exploring aberrant miRNA 

expression and association with prognostic information. Uhl et al (2011) profiled 95 

different human miRNAs in canine lymphoid cell lines and clinical lymph node samples 

from high-grade lymphoma cases. In B cell lymphomas, they found increased 

expression of miR-19a/19b and decreased expression of miR-181a, miR-203, miR-204 

and miR-218. In T cell lymphomas, there was increased expression of miR-17-5p, miR-

20a, miR-106a, miR-181b and miR-183 and decreased expression of miR-149, miR-186 

and miR-218. Two additional studies profiled four specific miRNAs (miR-17-5p, miR-

29b, miR-155, miR-181a) to investigate canine lymphoma. Mortarino et al (2010) 

profiled lymph node samples and detected significant upregulation of miR-17-5p in B 

cell lymphoma and miR-181a in T cell lymphoma. There was a significant difference in 

the miR-181a/miR-17-5p gene molar ratio between B cell and T cell lymphomas, but it 

did not distinguish between high and low-grade lymphomas based on the updated Kiel 

classification. Albonico et al (2013) investigated biopsies from primary splenic 

lymphoma and found that the miR-17-5p/miR-155 molar ratio correlated with grade 

according to the WHO classification system.  

When miRNAs are overexpressed in cancer they can function as “oncomiRs” by 

downregulating tumour suppressor genes or genes that control cell differentiation or 

apoptosis. Conversely, some miRNAs function as tumour suppressors that usually 

prevent tumor development by downregulating oncogenes (Zhang et al, 2007). 

Underexpression of these tumour suppressor miRNAs results in lack of oncogene 

inhibition resulting in promotion of tumourigenesis. Recognition of miRNAs that act as 

drivers of the development of lymphoma may aid in future miRNA-targeted therapy or in 

restoration of physiological levels as a new strategy for individualized treatment (Jardin 

& Figeac, 2013).  

We conducted an initial screening study to identify miRNAs with robust 

amplification and differential expression between dogs with lymphoma and healthy 

controls. The goal of that study was to design a customized PCR array with a 

condensed number of select target miRNAs to allow more focused profiling in 

subsequent studies.  
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3.2 Hypotheses and Objectives 
The aim of this prospective study was to further characterize miRNA expression 

in lymph nodes and corresponding plasma samples from canine lymphoma patients. 

We hypothesized that: 1) specific miRNAs will be differentially expressed between dogs 

with multicentric B and T cell lymphoma compared to healthy control dogs; 2) miRNA 

profiles from lymph node aspirates correlate with plasma profiles; 3) profiles at time of 

diagnosis are different from those at relapse; and 4) profiles at diagnosis have altered 

expression associated with clinical outcomes. 

Our objectives were to: 1) characterize the miRNA profiles in lymph node and 

plasma samples from dogs with lymphoma compared to healthy control dogs, 2) 

compare profiles from lymph node aspirates with corresponding plasma samples, 3) 

compare profiles at diagnosis with paired samples at relapse, and 4) assess profiles for 

associations with clinical outcome including response to therapy, one-year survival, 

progression-free survival (PFS) and overall survival (OS).  

 

3.3 Materials and Methods  
 

3.3.1 Case recruitment 

Informed consent was obtained from all clients and an animal utilization protocol 

(AUP) was approved by the University of Guelph Animal Care Committee. 

 

Healthy control dogs 

To assess baseline miRNA expression, lymph node and plasma samples were 

collected from 10 healthy control dogs. These consisted of 8 privately owned dogs from 

staff and students at the University of Guelph and 2 dogs from a local animal control 

kennel. Inclusion criteria included no abnormalities on physical examination, complete 

blood count, biochemistry profile and lymph node cytology. Dogs with known history of 

disease or an abnormal laboratory result were excluded.  

 

Lymphoma patients  

 Strict inclusion and exclusion criteria were applied for selection of dogs with 
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lymphoma. Only those with newly diagnosed multicentric lymphoma were considered. 

They had to be free of concurrent disease and naïve with respect to prednisone 

therapy. Cytology was required for routine diagnosis and immunophenotyping by flow 

cytometry had to be performed to confirm B or T cell origin. Dogs with other forms of 

lymphoma or concurrent disease at time of diagnosis were excluded.  

 

3.3.2 Immunophenotyping 

Immunophenotyping for dogs with lymphoma was performed by Dorothee 

Bienzle’s laboratory, Department of Pathobiology, University of Guelph. Lymph node 

aspirates were collected into flow cytometry buffer and were analyzed immediately or 

stored at 4˚C for a maximum of 24 hours. The flow buffer was composed of phosphate 

buffered saline (PBS) with 1% serum, 5mM ethylenediaminetetraacetic acid (EDTA) and 

0.1% sodium azide. Flow cytometric immunophenotype of the neoplastic cells was 

determined using a FACScan instrument (BD Biosciences, Mississauga, Canada). 

Leukocytes were stained with a panel of 11 antibodies including: CD3FITC (CA17.2A12, 

T lymphocytes), CD4FITC (YKIX302.9, neutrophils and T-helper lymphocytes), CD5FITC 

(YK1X322.3, T lymphocytes), CD8αPE (YCATE55.9, cytotoxic T lymphocytes), CD14PE 

(TUK4, monocytes), CD18A647 (CA1.4E9, all leukocytes), CD21PE (Ca2.1D6, B 

lymphocytes), CD22PE (RFB4, Novus, B lymphocytes), CD34PE (1H6, hematopoietic 

stem cells), CD45FITC (YK1X716.13, all leukocytes) and MHCII (YK1X334.2, 

lymphocytes and monocytes) (Bio-Rad, Berkeley, CA). Immunophenotype was based 

on antigen detection and interpretation by Dorothee Bienzle, DVM, PhD, DACVP.  

 

3.3.3 Target miRNA selection 

 For the prospective study, a customized miScript miRNA PCR array (Qiagen, 

Toronto, Canada) designed in the pilot study was used to quantify expression of 38 

canine target miRNAs (miRs) in lymph node and corresponding plasma samples. The 

top and bottom rows of the 384-well array plate were left empty because of edge effects 

discovered in our pilot study. A list of the target miRs can be found in Table 2.4, 

CHAPTER 2. The mature sequence for each miRNA can be accessed through 

GeneGlobe (Qiagen, www.qiagen.com). 



 53  

3.3.4 Sample collection 

Lymph node samples were collected by fine needle aspiration technique using a 

22-gauge needle and 6mL syringe from one peripheral lymph node. Samples from 

lymphoma patients were collected at diagnosis and relapse by the Animal Cancer 

Centre at OVC and immediately placed into 200µL of RNAlater stabilization solution 

(Life Technologies, Burlington, Canada) to be transported and then stored at -20˚C. 

Samples from control dogs were immediately placed into 700µL of QIAzol lysis reagent 

(Qiagen) and stored at -80˚C. The presence of lymphocytes in the control samples was 

confirmed by cytologic evaluation. 

 Blood samples were collected with a 22-gauge needle and 3-6mL syringe from 

the jugular or cephalic vein. Samples were immediately placed in an EDTA tube and 

processed within 24 hours. Whole blood was centrifuged at 1800 rpm for 10 minutes 

and then the supernatant (plasma) was removed and stored in 200µL aliquots at -80˚C.  

 

3.3.5 RNA extraction 

Lymph node samples stored in RNAlater were diluted with 1000µL PBS buffer to 

decrease viscosity and then centrifuged at 5,000g for 5 minutes at room temperature to 

produce a cell pellet. The supernatant was then removed, and RNA extracted as 

directed by the manufacturer using the miRNeasy mini kit (Qiagen) starting with addition 

of 700µL QIAzol lysis reagent to the pellet. The control samples were already stored in 

700µL QIAzol lysis reagent.  Homogenization of all samples was accomplished by 

vortexing. Then, 140µL of chloroform was added to the samples, mixed and centrifuged 

at 12,000g for 15 minutes at 4˚C. The sample was then precipitated with 100% ethanol 

and additional Qiagen buffers in a column-based extraction method. RNA was eluted 

using 30µL of RNase-free water.  

Frozen plasma samples were thawed, and RNA was extracted as directed by the 

manufacturer using the miRNeasy serum/plasma kit (Qiagen). QIAzol lysis reagent 

(1000µL) was added to a 200µL aliquot of plasma and homogenized by vortexing. An 

endogenous spike-in control (cel-miR-39) was added at this stage to monitor extraction 

efficiency for these samples. Next, 200µL of chloroform was added to the samples, 

mixed and centrifuged at 12,000g for 15 minutes at 4˚C. The sample was then 
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precipitated with 100% ethanol and additional Qiagen buffers in a column-based 

extraction method. RNA was eluted using 14µL of RNase-free water.  

 Total RNA concentration and contaminant identification (260/230 and 260/280 

ratios) were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific). miRNA concentration was measured using a Qubit 2.0 fluorometer (Life 

Technologies) and Qubit microRNA assay kit.  

 

3.3.6 Quantitative RT-PCR 

Reverse transcription of RNA was performed using the miScript II RT kit as 

directed by the manufacturer (Qiagen). The reaction was prepared on ice using 50ng of 

template RNA from lymph node samples or 1.5µL of template RNA from plasma 

samples. The template RNA was added to the reverse-transcription master mix and 

incubated at 37˚C for 60 minutes, followed by 95˚C for 5 minutes. The cDNA samples 

were then diluted with 90µL of RNase-free water and stored at -20˚C.  

Real-time reverse transcription polymerase chain reaction (RT-PCR) was used to 

quantify the expression of 38 target miRs. Eight samples at a time were run on a 384-

well PCR array plate. For each sample, controls to assess RNA recovery (cel-miR-39), 

reverse transcription and PCR performance were included. The detection of cel-miR-39 

was only assessed for plasma samples, which had the endogenous spike-in added 

during the RNA extraction process.  

Using the miScript SYBR green PCR kit (Qiagen), 65µL of template cDNA was 

mixed with 265µL QuantiTect SYBR Green PCR master mix, 55µL miScript universal 

primer and 155µL RNase-free water. A Biomek NX robotic pipettor (Beckman Coulter) 

was used to add 10µL of the above solution to each well of the array plate containing 

primers. Subsequently, RT-PCR was performed using a Roche LightCycler 480 II 

(Roche, Indianapolis, USA). The reaction was incubated at 95˚C for 15 minutes, 

followed by 45 cycles of 94˚C for 15 seconds, 55˚C for 30 seconds and 70˚C for 30 

seconds.  

 

3.3.7 Data analysis  

Quality control assays were analyzed for relative efficiency of reverse 
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transcription and overall PCR performance using the GeneGlobe Data Analysis Center 

(Qiagen, www.qiagen.com). In addition, the plasma spike-in control was monitored to 

confirm extraction efficiency. Normfinder (Andersen et al, 2004) was utilized to identify 

two endogenous control miRs for normalization of RT-PCR data and calculation of ∆Ct 

values. The target miR with the best stability value for each sample type (lymph node, 

plasma) in combination with one target miR common to both sample types were chosen 

for this analysis. The Ct cut-off for lower limit of detection was set at 35. Relative 

quantification was determined using the ∆∆Ct method where ∆Ct = average Ct (target 

miR) – Ct (endogenous control miRs) and ∆∆Ct = average ∆Ct (test group) – average 

∆Ct (control group) (Pfaffl, 2001). Fold changes were calculated using 2-(∆∆Ct) to assess 

for differences in miR expression between the control and diseased groups.  

Differences in miRNA expression between healthy control dogs and patients with 

B and T cell lymphoma were determined. Furthermore, differences in expression 

between B and T immunophenotype were computed. These data were analyzed using a 

non-parametric Kruskal-Wallis one-way ANOVA with a Dunn’s multiple comparisons 

test. 

Spearman correlation coefficients were used to assess correlation between 

lymph node aspirates and corresponding plasma samples. Samples were analyzed 

separately for each group: healthy control dogs, dogs with B cell lymphoma at 

diagnosis, dogs with B cell lymphoma at relapse and dogs with T cell lymphoma at 

diagnosis.   

For analyzing miRNA profiles at diagnosis compared to relapse for dogs with B 

cell lymphoma, a Wilcoxon matched-pairs signed rank test was used with Spearman 

correlation for evaluating effective pairing for each target miRNA. For miRNAs that were 

significantly different at relapse, a Mann-Whitney test was used to compare them to the 

healthy control dogs at this time point.  

Differences in miRNA expression between clinical outcomes (remission vs non-

remission, alive vs deceased at 365 days) were analyzed using a Mann-Whitney test for 

B cell lymphoma patients. Lastly, Kaplan-Meier survival curves were established for 

PFS and OS and using log-rank (Mantel-Cox) test for miRNAs that were high-

expressing or low-expressing based on median stratification of delta Ct values. Patients 
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that were relapse free or alive at time of last contact were censored for analysis.  

P-values less than 0.05 were considered statistically significant. All statistical 

analyses were performed using GraphPad Prism 7.0d (GraphPad Software, San Diego, 

CA, USA). 

 

3.4 Results 
 

3.4.1 Patient characteristics  

Forty-five dogs in total were recruited into this prospective study to establish a 

control group and two test groups consisting of dogs with B and T cell lymphoma. This 

included 10 healthy control dogs, 22 dogs with B cell lymphoma and 13 dogs with T cell 

lymphoma. A summary of patient characteristics can be found in Table 3.1.  

 

Table 3.1: Patient characteristics. 

 Healthy controls (n=10) B cell lymphoma (n=22) T cell lymphoma (n=13) 

Age range 2-10 years (mean 5.6) 4-11 years (mean 7.3) 5-12 years (mean 7.7) 

Sex Male neutered n=7 
Female spayed n=3 

Male intact n=2 
Male neutered n =13 
Female spayed n=7 

Male neutered n=7 
Female spayed n=6 

Breed Mixed *large breed n=2 
Mixed **medium breed n=1 
Mixed ***small breed n=1 
Australian shepherd n=1 
German shepherd n=1  
German shorthaired pointer n=1 
Labrador retriever n=1 
Rottweiler n=1 
Standard poodle n=1  

Mixed large breed n=4 
Mixed medium breed n=3 
Golden retriever n=5 
Labrador retriever n=2 
Border collie n=1 
Cocker spaniel n=1 
Doberman pinscher n=1 
German shepherd n=1 
Leonberger n=1 
Lhasa apso n=1 
Pembroke Welsh corgi n=1 
Viszla n=1 

Boxer n=4 
Golden retriever n=2 
Weimaraner n=1 
Mixed small breed n=1 
Boston terrier n=1 
Dogue de Bordeaux n=1 
Jack Russell terrier n=1 
Labrador retriever n=1 
Pug n=1 
 
 

*large breed >30 kg, **medium breed 10-30 kg, ***small breed <10 kg  

 

Excluded cases 

In addition to the forty-five recruited cases, a total of fourteen cases were 

excluded from this study. Nine were excluded due to concurrent diseases which 
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included a diagnosis of additional neoplasms, uncontrolled endocrinopathy, renal 

disease and generalized demodicosis. Three dogs were excluded because they were 

being treated with prednisone. One dog could not be immunophenotyped and RNA 

could not be extracted from the lymph node of one dog.  

 

3.4.2 Quantification of miRNA in samples 

 Each sample was quantified using the Nanodrop for total RNA concentration 

followed by the Qubit fluorometer to confirm the presence of miRNA. A summary of total 

RNA and miRNA concentrations can be found in Table 3.2. 

 

Table 3.2: Summary of total RNA and miRNA concentrations in lymph node and plasma 

samples for healthy control dogs and dogs with B and T cell lymphoma.  

 Lymph node  Plasma  
 Range (ng/µL) Mean +/- SD 

(ng/µL) 
Range (ng/µL) Mean +/- SD 

(ng/µL) 
Healthy control     
Total RNA 12.00-266.00 101.49 +/- 95.18  18.30-62.10  40.88 +/- 13.98  
miRNA 1.5-96.4 27.2 +/- 36.8  0.9-1.8  1.4 +/- 0.3  
B cell lymphoma @ diagnosis  
 

    
Total RNA 17.30-1570.50 286.06 +/- 368.07  15.10-86.60  34.80 +/- 16.84  
miRNA 2.8-303.7 66.0 +/- 71.8  1.1-9.3  2.4 +/- 1.9  
B cell lymphoma @ relapse  
 

    
Total RNA 15.62-346.70 139.33 +/- 125.75 2.43-50.00 23.09 +/- 16.79 
miRNA 3.1-86.2 32.5 +/- 30.3 0.9-2.0 1.3 +/- 0.3 
T cell lymphoma     
Total RNA 17.70-396.40  163.43 +/- 113.28 19.90-63.80  32.65 +/- 14.87  
miRNA 4.1-84.5 42.5 +/- 31.0 1.0-2.2 1.4 +/- 0.4 
 

 

3.4.3 Raw Ct expression 

 For lymph node samples, all canine target miRNAs in the customized array were 

confirmed by successful amplification with all Ct values less than 35 in the control and 

lymphoma samples. For plasma samples, 32 out of 38 canine target miRNAs were 

successfully amplified in all samples with Ct values less than 35. Six miRNAs (miR-34a, 

miR- 127, miR-182, miR-183, miR-450a and miR-450b) had variable amplification 
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across samples. The controls for RT efficiency and overall PCR performance passed for 

all samples. For all plasma samples, the spike-in control (cel-miR-39) was present with 

high amplification (Ct <26) confirming recovery after RNA extraction.  

 

3.4.4 Selection of endogenous controls for normalization  

NormFinder ranked miR-16 for lymph node and miR-18a for plasma as the most 

stable candidate endogenous control targets with stability values of 0.267 and 0.218, 

respectively. In addition, miR-27a was ranked amongst the top four targets common to 

both tissue types with stability values of 0.324 in lymph node and 0.248 in plasma. 

Therefore, the average of miR-16 and miR-27a were chosen to normalize lymph node 

data and the average of miR-18a and miR-27a for plasma data.  

 

3.4.5 Differential miRNA expression in lymphoma patients 

 Multiple miRNAs were found to have significantly different expression between 

dogs with B and T cell lymphoma compared to healthy control dogs. This included 

miRNAs that were common to both lymphoma groups and others that were 

immunophenotype-specific.  

 

Lymph node samples 

 For B cell lymphoma, 7 miRNAs were upregulated and 9 were downregulated in 

lymph node samples compared to control dogs (Figure 3.1A-P). Cluster miR-19a/19b 

(Figure 3.1B/C) and miR-148a (Figure 3.1O) had no overlap in expression between the 

lymphoma group and control dogs. For T cell lymphoma, 3 miRNAs were upregulated 

and 6 were downregulated in lymph nodes compared to control dogs (Figure 3.2A-I). 

Both immunophenotypes had upregulation of miR-130b and downregulation of miR-26b, 

miR-99a, miR-125b and miR-150. The expression levels of 17 miRNAs were 

significantly different when compared between immunophenotypes (Figure in Appendix 

4). Table 3.3 and 3.4 summarize the miRNAs with significant change in expression 

between dogs with lymphoma and healthy control dogs and between 

immunophenotypes, respectively. Appendices 5 and 6 list average delta Ct values, fold 

changes and p-values.  



 59  

Table 3.3: Summary of miRNAs with a significant change in expression in lymph nodes 

for B and T cell lymphoma compared to healthy control dogs (p-value <0.05). Bolded 

miRNAs were expressed in both B and T cell lymphoma. 

 B cell lymphoma T cell lymphoma 
Upregulated cfa-miR-18a, -19a, -19b, -30b,  

-34a, -130b, -423a  
cfa-miR-130b, -181c, -182 

Downregulated cfa-miR-23a, -26b, -99a, -125a, 
-125b, -145, -146a, -148a, -150 

cfa-miR-21, -26b, -99a, -125b, 
-150, -155 

 

 

Table 3.4: Summary of miRNAs with significantly different expression between B and T 

cell immunophenotype in lymph nodes (p-value <0.05). miRNAs are listed adjacent to 

the immunophenotype that has the higher expression.  

 Higher expression 
B cell lymphoma cfa-miR-18a, -19a, -19b, -29a, -29b, -29c, -30b, -31, -34a, -127, -155, -423a 
T cell lymphoma cfa-miR-23a, -125a, -148a, -181a, -181c 

 

 

Plasma samples 

For B cell lymphoma, 6 miRNAs were upregulated and 9 were downregulated in 

plasma samples compared to control dogs (Figure 3.3A-O). For T cell lymphoma, 3 

miRNAs were downregulated in plasma compared to control dogs (Figure 3.4A-C). Both 

immunophenotypes had downregulation of miR-23a and miR-26b. The expression 

levels of 14 miRNAs were significantly different between the immunophenotypes (Figure 

in Appendix 7). Table 3.5 and 3.6 summarize miRNAs with significant change in 

expression between dogs with lymphoma and healthy control dogs and between 

immunophenotypes, respectively. Appendices 8 and 9 list average delta Ct values, fold 

changes and p-values.   
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Table 3.5: Summary of miRNAs with a significant change in expression in plasma for B 

and T cell lymphoma compared to healthy control dogs (p-value <0.05). Bolded miRNAs 

were differentially expressed in both B and T cell lymphoma. 

 B cell lymphoma T cell lymphoma 
Upregulated cfa-miR-29a, -29b, -29c, -31,  

-34a, -182 
None identified 

Downregulated cfa-miR-23a, -26b, -99a, -125a,  
-125b, -143, -145, -181d, -423a 

cfa-miR-23a, -26b, -423a 

 

 

Table 3.6: Summary of miRNAs with significantly different expression between B and T 

cell immunophenotype in plasma (p-value <0.05). miRNAs are listed adjacent to the 

immunophenotype that had the higher expression. 

 Higher expression 
B cell lymphoma cfa-miR-21, -29a, -29c, -30b, -31, -34a, -155 
T cell lymphoma cfa-miR-125a, -125b, -145, -181a, -181b, -181c, -181d 

 

 

 Similar alterations for miR-34a, miR-23a, miR-26b, miR-99a, miR-125a, miR-

125b and miR-145 in B cell lymphoma and miR-26b in T cell lymphoma were present in 

both the lymph node aspirates and plasma samples. 

  

3.4.6 Correlation of expression between lymph node and plasma samples 

 The majority of miRNAs had different expression levels between lymph node 

aspirates and corresponding plasma samples. Expression of a single miRNA, miR-143, 

was significantly correlated in the healthy control dogs. In the B cell lymphoma group, 6 

miRNAs had correlated expression between lymph node and plasma at diagnosis and 2 

different miRNAs at relapse. In the T cell lymphoma group, 8 miRNAs had correlated 

expression between lymph node and plasma at diagnosis. The strength of the 

correlations ranged from moderate to very strong. miR-130b and miR-181b had 

correlated expression in both the B and T cell lymphoma groups at diagnosis. miR-99a 

in the B cell lymphoma group at diagnosis was the only miRNA that was previously 

found to have significantly altered expression in both sample types when compared to 
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healthy control dogs. Table 3.7 summarizes the miRNAs with significant correlation of 

expression, their correlation coefficients (Spearman rho) and p-values.  

 

Table 3.7: miRNAs with significant correlation of expression levels between lymph node 

aspirates and plasma samples from the control group, B cell lymphoma group at 

diagnosis and relapse and T cell lymphoma group at diagnosis (p value <0.05). 

Group Target miR rho P-value 

Healthy control cfa-miR-143 -0.6727 0.0390 

B cell @ diagnosis cfa-miR- 30b 0.4440 0.0384 
 

cfa-miR-31 0.6141 0.0024 
 

cfa-miR-99a 0.5847 0.0043 
 

cfa-miR-130b 0.4429 0.0390 
 

cfa-miR-146a 0.5264 0.0118 
 

cfa-miR-181a 0.6149 0.0023 
 

cfa-miR-181b 0.6441 0.0012 

B cell @ relapse cfa-miR-21 0.9286 0.0067 
 

cfa-miR-23a -0.7857 0.0480 

T cell @ diagnosis  cfa-miR-23a 0.5660 0.0470 
 

cfa-miR-130b 0.6870 0.0120 
 

cfa-miR-143 -0.7680 0.0030 
 

cfa-miR-181b 0.6210 0.0270 
 

cfa-miR-182 0.8190 0.0010 
 

cfa-miR-183 0.6870 0.0120 
 

cfa-miR-450a 0.6810 0.0130 
 

cfa-miR-450b 0.6700 0.0150 

 

 

3.4.7 Differential miRNA expression at relapse compared to diagnosis  

 Nine dogs with paired samples at diagnosis and relapse were included in this 

analysis. Two dogs relapsed during CHOP therapy and seven relapsed after completion 

of therapy. Relapse was recognized as recurrence of peripheral lymphadenopathy. 

Seven cases of relapse were confirmed by cytology and one by post-mortem 
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histopathology. There were 4 miRNAs with significant upregulation in lymph node 

aspirates from dogs with B cell lymphoma at relapse compared to expression at 

diagnosis (Figure 3.5A-D). In plasma, there was 1 miRNA with significant upregulation 

(Figure 3.5E) and 3 with downregulation (Figure 3.5F-H). Table 3.8 summarizes the 

miRNAs with significant change in expression at relapse compared to expression at 

diagnosis. Appendix 10 lists average delta Ct values, fold changes and p-values.    

 

Table 3.8: Summary of miRNAs with a significant change in expression at relapse 

compared to diagnosis for dogs with B cell lymphoma (p-value <0.05). 
Relapse group Lymph node Plasma 
Upregulated cfa-miR-15a, -127, -181a, -181b cfa-miR-125b 
Downregulated None identified cfa-miR-30b, -34a, -182 

 

 

miR-127 (p-value = 0.0006) in lymph node and miR-34a (p-value <0.0001) and 

miR-125b (p-value = 0.0279) in plasma were the only miRNAs in B cell lymphoma 

patients that were significantly different from the heathy control group at time of relapse. 

 

3.4.8 Relationship between miRNA expression and clinical outcome 

Several analyses were pursued to identify miRNAs associated with prognosis. 

Only dogs with B cell lymphoma were used in the first two analyses because of limited 

sample sizes for the dogs with T cell lymphoma. Clinical remission was defined as 

regression of measurably palpable lymph nodes. Eight dogs were included in the non-

remission group (which included both non-responders and dogs that relapsed during 

CHOP) and twelve dogs completed CHOP in remission. There was significant 

upregulation in expression of the miR-181 family and downregulation of miR-29b, miR-

101 and miR-150 in lymph nodes at diagnosis for the non-remission group compared to 

dogs that completed CHOP in remission (Figure 3.6A-G). In plasma, miR-181c and 

miR-450b had significantly higher expression at diagnosis in the non-remission group 

(Figure 3.6H-I). Six dogs died and fourteen were alive at 365 days after diagnosis. For 

one-year survival, dogs with lymphoma that died prior to 365 days had higher 
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expression of the miR-181c/181d cluster and lower expression of miR-29b and miR-150 

in lymph nodes at diagnosis (Figure 3.7A-D). No significant differences in one-year 

survival were observed for plasma miRNAs. Table 3.9 and 3.10 summarize these 

findings. Appendices 11 and 12 list average delta Ct values, fold changes and p-values.    

 

Table 3.9: Summary of miRNAs with significantly different expression at diagnosis in the 

B cell lymphoma non-remission group compared to dogs that completed CHOP in 

remission (p-value <0.05).  
Non-remission group Lymph node Plasma 
Upregulated cfa-miR-181a, -181b, -181c, -181d cfa-miR-181c, -450b 
Downregulated cfa-miR-29b, -101, -150 None identified 

 

 

Table 3.10: Summary of miRNAs with significantly different expression at diagnosis in 

dogs with B cell lymphoma that died prior to 365 days compared to dogs that were alive 

at 365 days (p-value <0.05). 
Died <365d group Lymph node Plasma 
Upregulated cfa-miR-181c, -181d None identified 
Downregulated cfa-miR-29b, -150 None identified 

 

Association of high versus low miRNA expression was significantly correlated 

with PFS and OS for several miRNAs. For B cell lymphoma, high expression of miR-150 

in lymph nodes was positively correlated (Figure 3.8A and 3.9A) and miR-222 in plasma 

was negatively correlated (Figure 3.8G and 3.9C) with both PFS and OS. In addition, 

expression of the miR-181 family, miR-21, miR-31 and miR-155 were negatively 

correlated with survival (Figure 3.8 and 3.9). For T cell lymphoma, miR-31, miR-101, 

miR-150, miR-155 and miR-222 expression were negatively correlated with survival 

(Figure 3.8 and 3.9). Expression of the miR-143/145 cluster was positively correlated 

with PFS for lymph node samples (Figure 3.8I and 3.8J), but miR-145 was negatively 

correlated for plasma (Figure 3.8L). Table 3.11 and 3.12 summarize these findings. 

Appendices 13 and 14 list median survival times and p-values.       



 64  

Table 3.11: Summary of miRNAs with high versus low miRNA expression significantly 

correlated with progression-free survival (p-value <0.05).  

 Lymph node Plasma 
B cell lymphoma cfa-miR-150, -181b*, -181d* cfa-miR-21*, -31*, -155*, -222* 
T cell lymphoma cfa-miR-101*, -143, -145 cfa-miR-31*, -145*, -150*, -155*, -222* 

*negative correlation 

 
Table 3.12: Summary of miRNAs with high versus low miRNA expression significantly 

correlated with overall survival (p-value <0.05). 

 Lymph node Plasma 
B cell lymphoma cfa-miR-150 cfa-miR-181c*, -222* 
T cell lymphoma cfa-miR-222* None identified 

*negative correlation 

 

3.5 Discussion 
Canine lymphoma is a spontaneous neoplasm that shares many features with 

the human disease (Vail et al, 2013). It has been proposed that the dog is a valuable 

animal model for human research as they share the same environment and are 

exposed to similar stressors that may promote cancer development (Wagner et al, 

2013). The discovery of miRNAs as effective biological markers for human cancer is an 

active area of research, however there is currently limited research exploring miRNAs in 

canine neoplasms. In our pilot study, we completed miRNome profiling to identify target 

miRNAs with robust amplification and differential expression in lymph node aspirates 

between dogs with lymphoma and healthy controls. This allowed us to design a 

customized PCR array to be subsequently utilized in this prospective study. The 

condensed panel of target miRNAs permitted us to profile a greater number of biological 

replicates and determine statistical significance of altered expression. The results of this 

study highlight multiple miRNAs that may be of interest in establishing a molecular tool 

for detection and prognostication of canine lymphoma.   

To differentiate true biological changes from experimentally induced variation, 

raw Ct values need to be normalized prior to interpretation. There is currently no 
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consensus on the best approach for data normalization. For the prospective study we 

opted to normalize the data using two endogenous controls found to be most stably 

expressed using the NormFinder algorithm. Normalization by global mean was chosen 

for the initial pilot study, but this method is only appropriate when large numbers of 

targets are being investigated. In follow-up studies that use a smaller panel of miRNAs it 

is possible to select endogenous controls resembling the global mean. However, in the 

pilot study there was concern about a wide variation in the global mean and 

questionable RT efficiency between PCR array plates suggesting this method may be 

less reliable for our study. 

 

The first objective in the prospective study was to further characterize miRNAs in 

lymph nodes and plasma that had differential expression in dogs with lymphoma 

compared to healthy control dogs. Many miRNAs have been documented in the human 

literature to play functional roles in lymphocyte development and lymphomagenesis. We 

observed altered expression in several of these miRNAs in canine lymphoma patients. 

In addition, some of these alterations have previously been observed in other canine 

lymphoma studies (Uhl et al, 2011; Mortarino et al, 2010). miRNAs associated with 

carcinogenesis are often presumed to act as “oncomiRs” if upregulated or tumour 

suppressors if downregulated, although many have dual function depending on cancer 

type (Cortez et al, 2011). This duality is because different cell types have unique 

expression profiles and a diversity of conserved targets that may be repressed (Bartel, 

2009). Significant miRNAs identified in this study to have differential expression 

between lymphoma patients and healthy control dogs will be discussed below as 

upregulated or downregulated miRNAs.  

 

Upregulated miRNAs 

The miR-17-92 cluster is important in early B cell maturation and is often 

amplified in human hematopoietic malignancies including DLBCL (Ota et al, 2004). miR-

18a, miR-19a and miR-19b are part of this cluster and were significantly upregulated in 

lymph nodes from dogs with B cell lymphoma in this study. The primary transcript for 

this cluster is known as oncomiR-1 and overexpression has been observed in up to 
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65% of human B cell lymphoma patients (He et al, 2005). Overexpression leads to rapid 

lymphoproliferation by promoting B cell progenitor survival through repression of pro-

apoptotic B cell lymphoma-2-like protein 11 (BCL2L11) and phosphatase and tensin 

homolog (PTEN) (Xiao et al, 2008). In transgenic mice overexpression of this cluster 

has been shown to suppress multiple negative regulators of the phosphoinositide-3-

kinase/protein kinase B (PI3K/AKT) and nuclear factor-kappa B (NF-κB) oncogenic 

pathways resulting in constitutive activation (Jin et al, 2013). Furthermore, miR-17-92 

can be activated in cooperation with MYC by altering the balance of E2F transcription 

factors essential for cell cycle progression (O’Donnell et al, 2005; Woods et al, 2007). 

Uhl et al (2011) also found these miRNAs to be upregulated in canine B cell lymphoma.   

miR-34a is generally considered a tumor suppressor that is often lost or 

epigenetically silenced in many human cancers (Bagchi & Mills, 2008; Chim et al, 

2010). In contrast, marked upregulation of miR-34a was observed in this study in both 

lymph nodes and plasma from the B cell lymphoma group. In murine bone marrow this 

miRNA has been shown to inhibit the expression of forkhead box P1 (FOXP1), which is 

involved in the pro-B to pre-B transition during normal lymphocyte development and is 

considered an oncogene in mature B cells (Rao et al, 2010). In addition, miR-34a may 

create a positive feedback loop with tumour protein 53 (p53) and has been shown to 

inhibit MYC and several negative regulators of the p16/retinoblastoma (Rb) tumor 

suppressor pathway (Asmar et al, 2014). Therefore, overexpression in canine B cell 

lymphoma patients was an unexpected finding. However, in the human literature there 

are inconsistencies dependent on the tissue type investigated. Fang et al (2011) found 

miR-34a to be significantly downregulated in serum of patients with DLBCL. Conversely, 

Lawrie et al (2009) found miR-34a to be upregulated in DLBCL tissues compared to 

normal lymphocyte populations. Based on our findings, upregulation may suggest that 

miR-34a acts as an oncomiR rather than a tumor suppressor in canine B cell 

lymphoma. On the other hand, perhaps miR-34a is increased as a consequence to 

positive feedback from the p53 pathway, which can be stimulated by cellular stress 

responses (Pflaum et al, 2014).   

The miR-181 family is essential for both B and T cell development. Upregulation 

of miR-181c was observed in lymph nodes from dogs with T cell lymphoma in this 
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study. A similar trend was observed in other miR-181 family members, but results were 

not statistically significant. Overexpression of family members miR-181a and miR-181b 

have previously been identified in canine T cell lymphoma (Mortarino et al, 2010; Uhl et 

al, 2011). The miR-181 family participates in thymic differentiation, of which the miR-

181a/b cluster plays the predominate functional role in sensitizing double positive cells 

to antigen responses aiding in positive and negative selection (Dooley et al, 2013). miR-

181a represses a group of phosphatases that inhibit T cell receptor signal transduction 

and is presumed to further contribute to activation potential in peripheral CD4+ T cells 

(Li et al, 2007; Li et al, 2012). miR-181c serves as a negative regulator that modulates 

the activation of human CD4+ T cells by inhibiting interleukin-2 (IL-2) (Xue et al, 2011). 

Upregulation of this miRNA suggests it may behave as an oncomiR in canine T cell 

lymphoma. 

Upregulation of miR-182 was found in lymph nodes from dogs with T cell 

lymphoma and in plasma from dogs with B cell lymphoma. Overexpression of miR-183, 

which is a miRNA clustered with miR-182, has been observed in canine T cell 

lymphoma (Uhl et al, 2011). The expression of miR-182 in human activated CD4+ T 

cells is driven by IL-2 to promote late stage clonal expansion through inhibition of 

forkhead box O1 (FOXO1), which blocks cell cycle progression (Stittrich et al, 2010). 

FOXO1 is a tumor suppressor inhibited in human classic Hodgkin’s lymphoma, but has 

been shown to be highly expressed in normal germinal center B cells and non-Hodgkin 

lymphomas including DLBCL (Xie et al, 2012). Upregulation of this miRNA is consistent 

with miR-182 playing an oncogenic role in canine lymphoma. 

miR-130b was significantly upregulated in both B and T cell lymphoma patients. 

This miRNA is upregulated in human activated CD8+ T cells resulting in decreased 

CD69 expression which is a negative regulator of T cell migration (Zhang & Bevan, 

2010). miR-130b has also been found to suppress p53 in human T cell lymphotrophic 

virus 1 (HTLV-1) transformed cell lines indicating it has oncogenic potential (Yeung et 

al, 2008). Furthermore, higher circulating levels of miR-130a, which is clustered with 

miR-130b have been found in serum from people with DLBCL (Yuan et al, 2016). The 

significant overexpression in lymphoma patients in this study supports miR-130b acting 

as an oncomiR.  
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Aberrant expression of the miR-29 family is described in multiple human cancers. 

miR-29b typically functions as a tumor suppressor and has been labelled an “epi-

miRNA”. This class of miRNA is involved in downregulating epigenetic enzymes 

responsible for silencing of tumour suppressor genes in malignant cells (Yan et al, 

2015). Expression of miR-29b may be repressed by multiple signaling pathways 

controlling cancer activity and can be directly suppressed by MYC in aggressive B cell 

lymphomas (Zhang et al, 2012). Members of this family were curiously upregulated in 

plasma from dogs with B cell lymphoma in this study. This upregulation was not 

observed in the lymph nodes and therefore it is unclear if its presence in plasma has 

oncogenic significance. miR-29b was one of four miRNAs profiled by Mortarino et al 

(2010) and found to be downregulated in canine T cell compared to B cell lymphoma. 

Furthermore, dogs with B cell lymphoma had upregulation of miR-30b and miR-

423a in lymph nodes and miR-31 in plasma. There are limited studies describing the 

functional role of these miRNAs in lymphomagenesis. Upregulation of the miR-30 family 

in human B lymphocytes can be induced by follicular dendritic cells to target B cell 

lymphoma protein 6 (BCL6) in coordination with PR domain zinc finger protein 1 

(PRDM1), which are master regulators of germinal centre formation and B cell 

maturation (Lin et al, 2011). Dysregulation of miR-30b may promote germinal centre B 

cell survival contributing to lymphomagenesis.  

 

Downregulated miRNAs 

The greatest downregulation observed in this study was miR-148a in lymph 

nodes from the B cell lymphoma group. This miRNA has been recognized as an 

oncogene or tumour suppressor in a variety of human cancers (Li et al, 2016). However, 

there is minimal information regarding the role of miR-148a in lymphomagenesis. 

Porstner et al (2015) found that during normal B cell development, upregulation of miR-

148a in murine and human activated B cells promotes differentiation into plasma cells. It 

further enhanced their survival by inhibiting the germinal centre transcription factors 

BTB and CNC Homolog 2 (BACH2) and melanogenesis associated transcription factor 

(MITF) and pro-apoptotic factors BCL2L11 and PTEN. In human DLBCL, miR-148a is 

part of the prognostic miRNA signature established by Montes-Moreno et al (2011). 
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Higher expression is associated with poorer OS and PFS in patients treated with R-

CHOP. The downregulation observed in canine patients supports miR-148a functioning 

alternatively as a tumour suppressor.   

miR-150 is considered a tumor suppressor that is consistently downregulated in 

the majority of human lymphomas (Ni et al, 2016). Similarly, miR-150 was 

downregulated in lymph nodes from both canine B and T cell lymphoma groups in this 

study. This miRNA is selectively expressed in murine mature resting B and T 

lymphocytes (Zhou et al, 2007). It targets the oncogenic transcription factor c-

myeloblastosis (C-MYB), which is highly expressed in progenitors and then 

downregulated during maturation (Xiao et al, 2007). Premature expression of miR-150 

leads to maturation arrest at the pro-B to pre-B transition (Zhou et al, 2007). In human T 

cell development, upregulation of miR-150 also targets notch homolog protein 3 

(NOTCH3) to control cell cycle progression and apoptosis during maturation (Ghisi et al, 

2011). Roehle et al (2008) reported that miR-150 was the most strongly downregulated 

miRNA in DLBCL tissue compared to normal tissue. Downregulation of miR-150 in 

canine patients is compatible with the human literature. It may also reflect a decrease in 

the proportion of mature resting lymphocytes in the neoplastic lymph nodes.  

Overexpression of miR-125b has been associated with chromosomal 

abnormalities in human lymphoid malignancies and ectopic expression in hematopoietic 

stem cells can lead to lymphoproliferative disorders (Bousquet et al, 2010). Conversely, 

in this study the miR-125a/125b cluster was downregulated in lymph nodes and plasma 

from dogs with B cell lymphoma. miR-125b alone was significantly downregulated in 

lymph nodes for the T cell lymphoma group. This miRNA has an anti-apoptotic effect on 

murine stem cells through targeting Bcl-2-modifying factor (BMF) and Kruppel-like factor 

13 (KLF13) and can promote lymphoid-fate decisions (Ooi et al, 2010). In addition, the 

miR-125a/125b cluster has been shown to target tumour necrosis factor alpha-induced 

protein 3 (TNFAIP3), which is a negative regulator of the NF-κB pathway commonly 

overexpressed in human DLBCL (Kim et al, 2012). Moreover, miR-125b regulates 

human B cell maturation by downregulating interferon regulatory factor-4 (IRF4) and 

PRDM1, which are key transcription factors required for differentiation into memory and 

plasma cells (Malumbres et al, 2009). During T cell maturation, miR-125b maintains the 
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naive state of CD4+ T cells by inhibiting genes involved in effector cell differentiation 

including interferon gamma (IFN-g) (Rossi et al, 2011). Perhaps downregulation of this 

cluster contributes to lymphomagenesis in canine patients from loss of control over the 

progression of lymphocyte differentiation. 

miR-155 is a product of the B cell integration cluster (BIC) gene and acts as an 

oncogenic miRNA in many human malignancies including various lymphomas (Eis et al, 

2005). Overexpression of miR-155 and its host gene BIC have been shown to promote 

proliferation in human malignant T cells (Kopp et al, 2013). Yamanaka et al (2009) 

observed that in natural killer (NK)/T cell lymphoma, miR-155 targeted inositol 

polyphosphate-5-phosphatase 1 (INPP5D) to activate the PI3K/AKT pathway. In 

contrast, miR-155 was downregulated in lymph nodes from dogs with T cell lymphoma 

in this study. This miRNA plays a critical role in lymphocyte biology and is highly 

expressed in murine activated B and T cells to regulate homeostasis and immune 

function (Rodriguez et al, 2007). In humans, miR-155 promotes stabilization of CD8+ T 

cells as conventional effector cells and has an anti-proliferative role in activated CD4+ T 

cells (Chang et al, 2012; Grigoryev et al, 2011). Furthermore, miR-155 is vital for the 

homeostasis of regulatory T cells (Tregs) with constitutive expression in mice induced 

by forkhead box P3 (FOXP3) (Kohlhaas et al, 2009). This leads to increased 

proliferation by downregulating suppressor of cytokine signaling (SOCS1) to induce IL-2 

signaling via the STAT5 pathway (Lu et al, 2009). Depending on the lineage and 

activation state of the neoplastic cells, it seems plausible that miR-155 may also behave 

as a tumor suppressor in T cell lymphoma considering its anti-proliferative effect on 

activated CD4+ T cells. This may provide an explanation for the downregulation 

observed in canine patients.  

miR-21 is typically considered a human oncomiR targeting numerous tumor 

suppressor genes (Feng & Tsao, 2016). This miRNA was downregulated in lymph 

nodes from dogs with T cell lymphoma in this study. In human T cell development, it 

aids in activation and proliferation by targeting the tumor suppressor programmed cell 

death 4 (PDCD4) (Stagakis et al, 2011). Additionally, it has been shown to regulate 

CD4+ memory and CD8+ effector and memory T cell differentiation (Smigielska-Czepiel 

et al, 2013; Wu et al, 2007). Aberrant overexpression of miR-21 has been reported in 
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human NK/T cell lymphoma with concurrent downregulation of PDCD4, PTEN and 

INPP5D resulting in activation of the PI3K/AKT pathway (Yamanaka et al, 2009). Our 

finding of miR-21 downregulation in the neoplastic cells suggests it may act as a tumour 

suppressor rather than an oncomiR in canine T cell lymphoma.  

In the B cell lymphoma patients, miR-146a was downregulated in lymph nodes. 

This miRNA functions as a negative feedback regulator for the NF-κB pathway 

(Taganov et al, 2006). Contreras et al (2015) demonstrated that deficiency of miR-146a 

in mice produced lymphoid malignancies resulting from constitutive NF-κB activity. 

Overexpression in B cells lead to downregulation of the early growth response-1 

(EGR1) gene that mediates hematopoietic differentiation resulting in decreased cell 

growth. The decreased expression of miR-146a in dogs with B cell lymphoma is 

consistent with loss of tumor suppressor activity.  

In contrast to the upregulation of miR-181c in lymph nodes from the T cell 

lymphoma group, miR-181d was downregulated in plasma from B cell lymphoma 

patients. Circulating levels of this miRNA may represent a systemic decrease in tumour 

suppressor activity. This suggests that the miR-181 family may have dual function as a 

oncomiR or tumour suppressor dependent on immunophenotype.   

Downregulation of miR-99a and the miR-143/145 cluster was observed in lymph 

nodes and plasma from the B cell lymphoma group. The function of these miRNAs in 

lymphocyte pathogenesis is unknown. However, downregulation of both miRNAs has 

been reported in human B cell malignancies including DLBCL suggesting they have a 

tumour suppressive role (Roehle et al, 2008; Caramuta et al, 2013).  

Furthermore, there was minor downregulation (<2-fold) of miR-23a and miR-26b 

in both sample types from the T cell lymphoma group and miR-423a in plasma from the 

B and T cell lymphoma groups. The miR-23a cluster is involved in hematopoietic stem 

cell differentiation into myeloid progenitors through inhibition of B cell development 

(Kurkewich et al, 2016). It could be postulated that downregulation of miR-23a with its 

repressive function on B lymphopoiesis could promote lymphoproliferative disease. 

However, this cluster is reported to be aberrantly overexpressed in human DLBCL 

consistent with oncogenic activity (Wang WL et al, 2014). For miR-26b and miR-423a, 

there were no studies found reporting dysregulation of these miRNAs in 
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lymphomagenesis. Moreover, there is no set magnitude in fold change that defines a 

biologically significant alteration, so we are unable to conclude if these small alterations 

are relevant to the development of lymphoma. In addition, miR-23a is clustered with 

miR-27a, which was chosen as an endogenous control for this study. It was determined 

to be one of the most stably expressed miRNAs in the data set, which also suggests 

that these minor fold changes may be negligible.  

 

Notably, there were several conflicting results between the pilot study and the 

prospective study. For example, members of the oncogenic miR-17-92 cluster 

discussed earlier were unexpectedly downregulated in the pilot. Conversely, this cluster 

was upregulated in the prospective which is more compatible with the human literature. 

For the prospective study, a larger sample size was assessed, and all samples were 

profiled individually giving greater strength to the current observations. Additionally, 

there was concern about variable RT efficiency between the PCR array plates for the 

healthy control and lymphoma groups in the pilot study, as previously mentioned. This 

variation is presumed to be most likely source responsible for the discrepancies. No 

queries suggesting irregularity in relative RT efficiencies were detected for the 

customized PCR arrays.   

Although we were able to detect differential miRNA expression in lymphoma 

patients, we cannot be certain if these alterations contribute to the pathogenesis. In the 

lymph nodes, altered expression may reflect biological effects or may simply be a 

consequence to changes in the composition of lymphocyte subpopulations. 

Furthermore, the origin and circumstances of miRNA release into circulation are 

unknown and secretion could arise from multiple tissues apart from the tumour. We 

cannot conclude if these miRNAs are associated with oncogenic or tumour suppressive 

effects on the neoplastic cells or if they are released in response to the neoplasm. 

 

 The next objective in our study was to compare miRNA profiles from lymph 

nodes to corresponding plasma samples. Correlation of expression levels would 

suggest that alterations in circulating miRNAs reflect those in tissue. However, for the 

majority of miRNAs in this study expression was significantly different between the 
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sample types. This was not totally unexpected, as the presence of specific miRNAs in 

circulation can be influenced by systemic production and release from anywhere in the 

body. Establishing the relationship between plasma and tissue miRNAs may be helpful 

in determining the usefulness of circulating miRNAs as biomarkers. In this study, miR-

99a in the B cell lymphoma group at diagnosis was the only miRNA correlated between 

sample types with potential diagnostic use. This miRNA is presumed to be a tumour 

suppressor and was significantly downregulated in both lymph node and plasma 

samples at time of diagnosis. Interestingly, only a single miRNA was correlated between 

lymph node and plasma in the healthy control group, but there were several miRNAs 

with significant correlation in the lymphoma groups. This discrepant result suggests 

there may be greater and more coordinated production and release of miRNAs from 

neoplastic lymphocytes.  

 

Samples obtained from B cell lymphoma patients at relapse were also profiled in 

order to compare expression at relapse to data collected at time of diagnosis. Our goal 

was to identify changes in expression that may be associated with disease 

aggressiveness or chemoresistance. Relapse usually represents the emergence of 

tumour cells that are more resistant to chemotherapy than the original tumour (Edwards 

et al, 2003). Surprisingly, in this study only eight miRNAs showed significantly different 

expression at relapse. miR-125b in plasma was downregulated in dogs with B cell 

lymphoma compared to healthy control dogs, but within the B cell lymphoma group it 

was significantly higher at relapse compared to expression at diagnosis. As previously 

noted, overexpression of this miRNA directly targets TNFAIP3 to activate the NF-κB 

pathway which has been shown to increase the aggressiveness of human DLBCL cell 

lines (Kim et al, 2012). Furthermore, monitoring levels of circulating miR-125b in DLBCL 

patients has demonstrated its involvement in recurrence, progression and 

chemoresistance (Yuan et al, 2016). In addition, miR-34a and miR-182 were 

upregulated in plasma at diagnosis compared to healthy control dogs, but these levels 

decreased at relapse. It is unclear if these miRNAs contribute to increased 

aggressiveness or if they reflect chemotherapy-induced improvement of miRNA 

dysregulation since expression at relapse more closely resembled expression of the 
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healthy control group.  

miR-127 was upregulated at relapse and was only significantly different from 

healthy control dogs at this time point. Perhaps this miRNA is associated with 

chemoresistance and, if proven, miR-127 could be considered a potential therapeutic 

target for sensitization. On the other hand, miR-127 upregulation may be a 

consequence of chemotherapy-induced production. This miRNA has been shown to 

target the proto-oncogene BCL6 and therefore increased expression may suggest 

heightened tumour suppressor activity after chemotherapy. This phenomenon has been 

observed with chromatin-modifying drugs that activate expression of miR-127 in human 

cancer cells (Saito et al, 2006).  

 

Lastly, we sought to identify miRNAs associated with outcome for canine 

lymphoma patients treated with CHOP chemotherapy. Prediction of patient response to 

therapy may provide a valuable tool for clinician and client decision making. A few of the 

miRNAs we identified have previously been established as useful for prognostication of 

human lymphoma.   

Higher expression of the miR-181 family members in lymph node and plasma at 

diagnosis in the B cell lymphoma group were correlated with a worse prognosis. 

Expression was significantly higher in the non-remission group (which included both 

non-responders and dogs that relapsed during CHOP) and dogs that died prior to one 

year. Expression levels were also negatively correlated with OS in plasma and PFS in 

lymph nodes. In contrast, higher expression of miR-181a in human DLBCL is 

associated with improved PFS in patients treated with R-CHOP and it has been shown 

to target the oncogene FOXP1 in cell lines (Alencar et al, 2011). Furthermore, Kozloski 

et al (2016) reported that miR-181a slows tumour growth rate and prolongs survival in 

the ABC subtype of DLBCL through inhibition of NF-κB activity.  

In the B cell lymphoma group, lower expression of miR-150 in lymph nodes at 

diagnosis was associated with non-remission and death prior to one year. It was also 

positively correlated with PFS and OS. This is consistent with miR-150 behaving as a 

tumour suppressor known to target the oncogenic transcription factor C-MYB, as 

previously discussed (Xiao et al, 2007). A recent study demonstrated that MYC-induced 
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downregulation of miR-150 in human follicular lymphoma tissue contributed to high-

grade transformation. This resulted in upregulation of FOXP1 and was associated with 

shorter OS (Musilova et al, 2018). Conversely in the T cell lymphoma group, expression 

levels of miR-150 in plasma were negatively correlated with PFS. In human NK/T cell 

lymphoma, miR-150 also acts as a tumour suppressor by reducing AKT signaling and 

increasing levels of BCL2L11 and p53 (Watanabe et al, 2011). It is unknown if altered 

expression of this miRNA in plasma influences neoplastic transformation.  

Expression of miR-29b in lymph nodes at diagnosis was also significantly lower 

in the non-remission group and in dogs that died prior to one year. Evidence suggests 

that miR-29b plays a vital role in chemoresistance and pretreatment expression can be 

predictive of response in several human cancer types. It has been shown to improve 

chemosensitivity through targeting oncogenes, epigenetic modification and apoptosis 

(Yan et al, 2015). This miRNA has demonstrated promise as a prognostic marker for 

mantle cell lymphoma and Zhao et al (2010) found that patients with significant 

downregulation had shorter survival. It was speculated that miR-29 regulates cyclin D1 

via inhibition of CDK6. 

In B and T cell lymphoma patients, higher expression of miR-222 at diagnosis 

was associated with shorter PFS and OS. The COO signature and prognostic panel for 

human DLBCL described by Montes-Morena et al (2011) both include this miRNA. It 

was found to be upregulated in the ABC subtype and higher expression levels were 

correlated with inferior PFS and OS in patients undergoing R-CHOP. Alencar et al 

(2011) and Malumbres et al (2009) observed similar correlations with PFS and OS in 

tissue and cell lines, respectively. Furthermore, miR-222 has been shown to suppress 

intercellular adhesion molecule 1 (ICAM-1) expression on tumour cells to downregulate 

their susceptibility to cytotoxic T lymphocyte-mediated cytolysis (Ueda et al, 2009). This 

miRNA can also downregulate the tumour suppressor p27 to promote cell proliferation 

in other human cancer cell lines (le Sage et al, 2007). 

As mentioned earlier, miR-155 typically plays an oncogenic role in human 

lymphomagenesis (Eis et al, 2005). In this study, patients with lymphoma did not show 

an overexpression of this miRNA compared to healthy control dogs. However, within the 

B and T cell lymphoma groups higher expression levels of miR-155 in plasma at 
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diagnosis were associated with shorter PFS. In human DLBCL, Zhong et al (2012) 

observed that patients with higher expression of miR-155 in tissue achieved lower 

complete remission and response rates and shorter PFS. In addition, patients with high 

levels of miR-155 benefited more from the addition of rituximab to CHOP therapy 

(Zhong et al, 2012). Zhu et al (2016) also found that patients with higher expression in 

tissue had shorter overall survival times. Multiple mechanisms for the role of miR-155 in 

the pathogenesis of DLBCL have been described. This miRNA can regulate the 

oncogenic PI3K/AKT pathway through direct targeting of negative regulators including 

INPP5D resulting in inhibition of cell death (O’Connell et al, 2009). It has been shown to 

directly target human germinal-centre associated lymphoma (HGAL) to decrease Ras 

homolog A (RHOA) activity and increase lymphoma cell motility and migration (Dagan 

et al, 2012). It also directly targets mothers against decapentaplegic homolog 5 

(SMAD5) resulting in resistance to the growth-inhibitory effects of transforming growth 

factor beta 1 (TGF-β1) (Rai et al, 2010). In this study, only expression levels in plasma 

were correlated with PFS. The origin of production and release or effect on lymphoid 

tissue is unknown.  

Higher expression of miR-21 in plasma at diagnosis from dogs with B cell 

lymphoma was negatively correlated with PFS. This miRNA was one of the earliest 

identified “oncomiRs” targeting numerous tumor suppressor genes associated with 

human cancers (Feng & Tsao, 2016). It has been shown that expression levels of miR-

21 are higher in the more clinically aggressive ABC compared to the GCB subtype of 

human DLBCL (Lawrie et al, 2007). Li et al (2015) found that higher expression of miR-

21 in serum of patients with DLBCL resulted in significantly worse overall survival. 

Conversely, Lawrie et al (2007) found that higher expression was associated with 

improved relapse-free survival. Therefore, the prognostic utility of miR-21 in human 

DLBCL is currently undetermined. Furthermore, miR-21 has been observed to decrease 

sensitivity of DLBCL cells to CHOP chemotherapy by targeting PTEN, which negatively 

regulates the PI3K/AKT pathway (Bai et al, 2013).   

In plasma, higher expression of miR-31 at diagnosis was associated with shorter 

PFS for both B and T cell lymphoma. In contrast, Thompson et al (2016) discovered that 

miR-31 was higher in human follicular lymphoma and decreased as it transformed into 
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aggressive DLBCL resulting in poorer survival. It is considered a tumour suppressor that 

directly targets the pro-proliferative genes E2F2 and PI3KC2A. This miRNA potentially 

has an opposing effect in canine lymphoma patients. 

Expression levels of the clustered miR-143 and miR-145 in lymph nodes at 

diagnosis were positively correlated with PFS in the T cell lymphoma group. Little is 

known about the function of this cluster in T cell development, however, miR-145 has 

been reported to negatively regulate the expression of CTLA-4 in Tregs that inhibits 

cytotoxic responses (Fayyad-Kazan et al, 2012). Interestingly, CTLA-4 blockage is 

being evaluated in clinical trials as a strategy to boost anti-tumour immune responses 

(Wolchok et al, 2010). Perhaps the overexpression of this cluster is behaving in a 

similar manner to improve prognosis. In addition, lower expression of miR-145 in human 

adult T cell leukemia/lymphoma has been associated with worse prognosis and 

overexpression in vitro inhibits tumour cell growth (Xia et al, 2014). Conversely in 

plasma, lower expression of miR-145 was positively correlated with PFS. It is possible 

that the discrepancy between tissue and plasma levels reflect increased utilization by 

the tumour cells resulting in either increased uptake into cells or decreased release into 

plasma.  

The significance of miR-101 and miR-450b in the pathogenesis of lymphoma is 

unknown. Downregulation of miR-101 in lymph node at diagnosis was associated with 

non-remission for B cell lymphoma, but expression level was negatively correlated with 

PFS for T cell lymphoma. Therefore, its association with prognosis appears 

contradictory between immunophenotypes.  

 

Sample size was a major limitation in this study, particularly for recruitment of T 

cell lymphoma patients and should especially be considered when interpreting the 

survival data. Moreover, T cell lymphoma is a more heterogeneous disease than B cell 

lymphoma which is dominated by the centroblastic variant of DLBLC (Valli et al, 2011; 

Valli et al, 2013). A subset of the T cell lymphoma patients was concurrently enrolled in 

another study in which lymph node biopsy and histopathology were pursued. Of the 7 

dogs with an established histomorphologic diagnosis there were 3 peripheral T cell 

lymphomas - not otherwise specific (PTCL-NOS), 2 T lymphoblastic lymphomas (TLL) 
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and 2 T zone lymphomas (TZL). We were not able to consider these subtypes 

separately in our study due to limited numbers. Ideally, future studies should strive to 

investigate T cell lymphoma subtypes as separate entities especially since we know 

indolent forms exist. In addition, our study only focused on samples from lymphoma 

patients in comparison to healthy control dogs. Establishing expression profiles for non-

neoplastic diseases causing lymphadenopathy would further clarify the specificity of 

cancer associated miRNAs. Inclusion of alternative etiologies such as follicular 

hyperplasia from antigenic stimulation and lymphadenitis from infectious processes 

should be considered in follow up studies.  

For lymph node samples, the collection from healthy control dogs for establishing 

differential expression was a challenge. Normal lymph nodes are small and difficult to 

palpate, and therefore difficult to sample. We confirmed the presence of lymphocytes by 

preparing a direct smear for microscopy. The proportion of lymphocytes present in 

control samples was less than for neoplastic lymph nodes and most contained some 

degree of hemorrhage and adipose tissue. A biopsy of lymph node tissue with 

subsequent cell separation may be more ideal for further investigations and would 

provide a higher concentration of lymphocytes. An alternative method for storage of 

lymph node samples from lymphoma patients should also be considered. These 

samples were collected into RNAlater to stabilize the RNA, but subsequent cellular 

recovery was difficult. Centrifugation of the sample in RNAlater did not produce firm cell 

pellets even with dilution, resulting in variable loss of material during the extraction 

process. Although less convenient, direct collection into QIAzol lysis reagent under a 

fume hood or snap freezing of cell pellets in liquid nitrogen could be explored.   

Interference caused by hemolysis was not investigated for plasma or lymph node 

samples. In the human literature, Blondal et al (2013) established a hemolysis indicator 

based on the level of erythrocyte-specific miR-451 in relation to miR-23a, which is a 

relatively stable miRNA in human plasma. It was concluded that a delta Ct (miR-23a 

minus miR-451) greater than 7 indicates a high risk of hemolysis affecting the data 

obtained. We included these miRNAs in our custom PCR array, however it was later 

decided not to disqualify samples based on this rule since its relevance to canine 

plasma is currently unknown. Establishing a cut-off value for hemolytic interference 
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based spectrophotometric hemoglobin concentrations may be helpful for subsequent 

studies and allow exclusion of samples prior to further processing. Not all miRNAs are 

affected by hemolysis but applying indicator cut-offs would improve specificity of miRNA 

signatures (Blondal et al, 2013).  

miRNAs are known for their robust stability and resistance to storage handling 

even in body fluids (Cortez et al, 2011). Quality control for RNA integrity was not 

performed in this study. Assessment can be important for reproducibility and accuracy 

in profiling studies, however, it has been shown that miRNAs remain stable even in 

degraded RNA preparations (Jung et al, 2010). We opted for total RNA quantification 

using the Nanodrop, which only provides concentration and purity measurements. An 

additional step to determine RNA quality (RIN = RNA integrity number) may be 

implemented by use of the Bioanalyzer 2100 (Agilent, Mississauga, Canada) total RNA 

kit in future studies.  

Many of the target miRNAs we identified are described in the human literature 

supporting the concept that miRNAs are highly conserved between species (Bartel, 

2004). Establishing molecular similarities between canine and human lymphoma could 

provide an additional foundation for proposing the dog as an animal model for human 

research. Although miRNAs are conserved, each cell type has a unique expression 

profile and there is greater diversity in conserved targets and biological functions 

(Bartel, 2009). Target prediction and functional studies for these miRNAs are beyond 

the scope of this thesis. We are not able to conclude how the differential expression 

observed in these patients contributes to the biology and behaviour of 

lymphomagenesis.  

With this study, we were able to highlight miRNAs of interest associated with 

immunophenotype and clinical outcome for canine multicentric lymphoma. A definitive 

diagnosis of lymphoma is routinely achieved by cytological evaluation. However, 

additional specialized testing is required to establish immunophenotype and assist in 

predicting response to therapy and prognosis. Identifying miRNA biomarkers with the 

ability to provide this type of information may be useful in developing new minimally 

invasive molecular tools.  
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FIGURES 
 

 
 

Figure 3.1: Graphs showing miRNA expression (delta Ct) from lymph node aspirates in 

healthy control dogs (n=10) compared with B cell lymphoma patients at diagnosis 

(n=22). These miRNAs had either significantly upregulated (A-G) or downregulated (F-

P) expression in the B cell lymphoma group. (Kruskal-Wallis one-way ANOVA with 

Dunn’s multiple comparisons test, p-value <0.05; additional group comparisons are 

shown in Figure 3.2 and Appendix 4). The red dashed line highlights miRNAs with no 

overlap in expression. Delta Ct is inversely proportional to expression. 
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Figure 3.2: Graphs showing miRNA expression (delta Ct) from lymph node aspirates in 

healthy control dogs (n=10) compared with T cell lymphoma patients at diagnosis 

(n=13). These miRNAs had either significantly upregulated (A-C) or downregulated (D-I) 

expression in the T cell lymphoma group. (Kruskal-Wallis one-way ANOVA with Dunn’s 

multiple comparisons test, p-value <0.05; additional group comparisons are shown in 

Figure 3.1 and Appendix 4). Delta Ct is inversely proportional to expression. 
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Figure 3.3: Graphs showing miRNA expression (delta Ct) from plasma in healthy control 

dogs (n=10) compared with B cell lymphoma patients at diagnosis (n=22). These 

miRNAs had either significantly upregulated (A-F) or downregulated (G-O) expression in 

the B cell lymphoma group. (Kruskal-Wallis one-way ANOVA with Dunn’s multiple 

comparisons test, p-value <0.05; additional group comparisons are shown in Figure 3.4 

and Appendix 7). Delta Ct is inversely proportional to expression.  
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Figure 3.4: Graphs showing miRNA expression (delta Ct) from plasma in healthy control 

dogs (n=10) compared with T cell lymphoma patients at diagnosis (n=13). These 

miRNAs had significantly downregulated (A-C) expression in the T cell lymphoma 

group. (Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparisons test, p-value 

<0.05; additional group comparisons are shown in Figure 3.3 and Appendix 7). Delta Ct 
is inversely proportional to expression.  
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Figure 3.5: Graphs showing miRNA expression (delta Ct) in B cell lymphoma patients at 

diagnosis (n=9) and relapse (n=9). These miRNAs had significantly altered expression 

in lymph nodes (A-D) or plasma (E-H) at relapse compared to expression at time of 

diagnosis. (Wilcoxon matched-pairs signed rank test, two-tailed p-value <0.05). LN = 

lymph node, P = plasma. Delta Ct is inversely proportional to expression.  
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Figure 3.6: Graphs showing miRNA expression (delta Ct) at diagnosis in B cell 

lymphoma patients that completed CHOP in remission (n=12) versus non-remission 

(n=8). These miRNAs had significantly altered expression associated with response to 

therapy. (Mann-Whitney test, two-tailed p-value <0.05). LN = lymph node, P = plasma. 

Delta Ct is inversely proportional to expression.  
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Figure 3.7: Graphs showing miRNA expression (delta Ct) at diagnosis in B cell 

lymphoma patients that were alive at 365 days (n=14) versus deceased (n=6). These 

miRNAs had significantly altered expression associated with one-year survival. (Mann-

Whitney test, two-tailed p-value <0.05). LN = lymph node, P = plasma. Delta Ct is 
inversely proportional to expression. 
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Figure 3.8: Kaplan-Meier curves for progression-free survival comparing high and low 

miRNA expression at diagnosis for B (n=18) and T (n=6) cell lymphoma. These miRNAs 

had expression levels significantly correlated with progression-free survival. Values on 

the curve represent median survival times. (Log-rank (Mantel-Cox) test, p-value <0.05).  
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Figure 3.9: Kaplan-Meier curves for overall survival comparing high and low miRNA 

expression at diagnosis for B (n=20) and T (n=8) cell lymphoma. These miRNAs had 

expression levels significantly correlated with overall survival. Values on the curve 

represent median survival times. (Log-rank (Mantel-Cox) test, p-value <0.05). 
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Summary and Future Directions 
 

This study highlights miRNAs of interest for canine multicentric lymphoma. We 

characterized miRNA expression in lymph nodes and plasma from dogs with B and T 

cell lymphoma compared to healthy control dogs. There were multiple miRNAs with 

significantly altered expression dependent on immunophenotype. Notably, upregulation 

of the miR-17-92 cluster, the miR-29 family and miR-34a were strongly associated with 

B cell lymphoma and upregulation of the miR-181 family with T cell lymphoma. The 

greatest alteration observed in this study was a 13-fold downregulation of miR-148a in 

lymph nodes from B cell lymphoma patients. Upregulation of miR-130b and 

downregulation of miR-99a, the miR-125a/125b cluster and miR-150 were observed for 

both B and T cell lymphoma. These miRNAs may be useful for lymphoma diagnostics 

and predicting immunophenotype from clinical lymph node samples. miR-19a and miR-

19b, which are part of the miR-17-92 cluster and miR-148a had no overlap in 

expression between the B cell lymphoma group and control group. These individual 

miRNAs could possibly provide good predictive value as sole targets.  

The majority of miRNAs in this study had different expression levels in lymph 

node compared to corresponding plasma samples. miR-99a in the B cell lymphoma 

group at diagnosis was the only miRNA correlated between sample types with potential 

diagnostic use. This correlation suggests that circulating levels may reflect those in 

tissue. The ability to identify meaningful biomarkers in plasma would be ideal as blood is 

a routinely collected sample type.  

  There were very few miRNAs with altered expression at relapse compared to 

diagnosis. These may play a role in tumor aggressiveness or chemoresistance of the 

re-emerged population. Changes in miR-34a, miR-125b and miR-181 expression 

appeared to reflect improvement of miRNA dysregulation with CHOP chemotherapy 

since expression at relapse more closely resembled healthy control dogs. Upregulation 

of miR-127 in lymph nodes was only observed in dogs with B cell lymphoma compared 

to healthy control dogs at time of relapse and therefore may be associated with 

chemoresistance or chemotherapy-induced. If proven to contribute to resistance in the 

neoplastic population, this miRNA could be a potential target for chemosensitization.  
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Our final objective was to identify miRNAs associated with outcome for canine 

lymphoma patients treated with CHOP chemotherapy. For B cell lymphoma, 

upregulation of the miR-181 family and downregulation of miR-29b and miR-150 were 

associated with inferior response to therapy and worse survival. Higher expression of 

miR-31, miR-155 and miR-222 were negatively associated with outcome in both B and 

T cell lymphoma.  

Most individual target miRNAs displayed varying degrees of overlap between 

groups and therefore establishing a panel of miRNAs may be more appropriate going 

forward. Future goals for this research include validating predictive performance for 

miRNAs of interest and development of miRNA panels that may be effective as 

minimally invasive biomarkers. Additionally, target identification and exploring gene-

miRNA-protein networks would contribute to a better understanding of pathogenic roles 

and insight for the discovery of targeted therapies. This study provides a framework for 

future molecular and functional investigations with the ultimate goal of providing more 

personalized medicine to veterinary patients.  
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APPENDICES 
 

Appendix 1: Full list of cfa-miR targets present in the dog miRNome miScript miRNA 
PCR array (Qiagen). 
 
Target miRs       
miR-383 miR-330 miR-545 let-7f miR-450a miR-132 miR-340 
miR-129 miR-25 miR-421 miR-105b miR-301b miR-345 miR-92a 
miR-135a-5p miR-380 miR-379 miR-1838 miR-578 miR-361 miR-200b 
miR-632 miR-218 miR-1306 miR-503 miR-23b miR-21 miR-141 
miR-219-3p miR-676 miR-127 miR-363 miR-652 miR-34b miR-26b 
miR-494 miR-590 miR-190a miR-191 miR-19b miR-186 miR-369 
miR-208b let-7e miR-27a miR-410 miR-574 miR-502 miR-105a 
miR-874 miR-124 miR-28 miR-664 let-7g miR-92b miR-708 
miR-449 miR-496 miR-490 miR-497 miR-592 miR-29b miR-200a 
miR-451 miR-10b let-7b miR-133a miR-302d miR-802 miR-216a 
miR-9 miR-433 miR-128 miR-495 miR-489 miR-29c miR-758 
miR-187 miR-885 miR-137 miR-487b miR-153 miR-24 miR-149 
miR-26a miR-211 miR-20b miR-17 miR-488 miR-130a miR-214 
miR-761 miR-384 miR-31 miR-205 miR-22 miR-146b miR-491 
miR-1837 miR-33a miR-138b miR-589 miR-7 miR-376c miR-134 
miR-331 miR-342 miR-335 miR-599 miR-135a-3p miR-23a miR-1271 
miR-146a miR-217 miR-376a miR-212 miR-376b miR-493 let-7a 
miR-429 miR-1844 miR-29a miR-487a miR-671 miR-188 miR-551a 
miR-872 miR-409 miR-133b miR-425 miR-192 miR-875 miR-208a 
miR-34c miR-224 miR-144 miR-505 miR-532 miR-374b miR-19a 
miR-367 miR-18b miR-759 miR-125b miR-377 miR-151 miR-665 
miR-181b miR-16 miR-500 miR-30e miR-135b miR-202 miR-196b 
miR-411 miR-543 miR-181c miR-219-5p miR-126 miR-452 miR-30b 
miR-96 miR-98 miR-424 miR-148a miR-653 miR-183 miR-99a 
miR-10a miR-216b miR-223 miR-660 miR-374a miR-338 miR-133a 
miR-27b miR-539 miR-300 miR-182 miR-210 miR-320 miR-133b 
miR-206 miR-193b miR-329b let-7c miR-1842 miR-185 miR-133c 
miR-375 miR-145 miR-222 miR-200c miR-143 miR-207 cel-miR-39 
miR-504 miR-103 miR-34a miR-136 miR-329a miR-485 SNORD61 
miR-106b miR-138a miR-514 miR-326 miR-371 miR-448 SNORD68 
miR-302a miR-483 miR-301a miR-382 miR-125a miR-142 SNORD72 
miR-1835 miR-450b miR-1 miR-215 miR-184 miR-130b SNORD95 
miR-204 miR-139 miR-1307 miR-221 miR-181d miR-18a SNORD96A 
miR-193a miR-764 miR-152 miR-190b miR-324 miR-195 RNU6-2 
miR-194 miR-150 miR-325 miR-148b miR-140 miR-381 miRTC 
miR-181a miR-302b miR-122 miR-101 miR-1836 miR-196a PPC 
miR-454 miR-30c miR-197 miR-350 miR-32 miR-30d  
miR-378 miR-876 miR-30a let-7j miR-499 miR-362  
miR-544 miR-95 miR-551b miR-15b miR-455 miR-328  
miR-203 miR-568 miR-299 miR-155 miR-15a miR-93  
miR-432 miR-365 miR-1841 miR-199 miR-106a miR-99b  
miR-628 miR-582 miR-542 miR-423a miR-1839 miR-20a  
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Appendix 2: miRNAs with change in expression greater than 5-fold in B cell lymphoma 
dogs compared to healthy control dogs at diagnosis.  
 
Target miR Average Ct (Control) Average Ct (B cell) Fold change 
cfa-miR-423a* 24.86 24.82 12.3637 
cfa-miR-155* 23.41 23.89 8.6520 
cfa-miR-183* 29.17 29.73 8.2137 
cfa-miR-181d* 26.35 27.08 7.3007 
cfa-miR-505 28.51 29.40 6.4892 
cfa-miR-130b* 26.81 27.87 5.7679 
cfa-miR-454 27.51 28.71 5.2709 
cfa-miR-182* 28.51 29.40 5.1803 
cfa-miR-1306 26.78 28.00 5.1803 
cfa-miR-190b 29.03 30.26 5.1624 
cfa-miR-31* 24.42 25.66 5.0913 
cfa-miR-483 27.87 29.12 5.0737 
cfa-miR-320 24.93 26.20 5.0212 
cfa-miR-199 23.00 28.92 -5.0352 
cfa-miR-99b 26.55 32.56 -5.3220 
cfa-miR-374a 22.10 28.12 -5.3967 
cfa-miR-660 23.95 30.26 -6.5746 
cfa-miR-142 20.18 26.50 -6.6225 
cfa-miR-27a* 19.95 26.36 -7.0721 
cfa-mir-153 28.11 34.63 -7.6336 
cfa-miR-29c* 19.40 25.96 -7.8186 
cfa-miR-589 26.73 33.38 -8.3195 
cfa-miR-301b 27.82 34.49 -8.4104 
cfa-miR-29a* 19.28 25.95 -8.4388 
cfa-miR-491 27.29 33.99 -8.6430 
cfa-miR-340 24.29 31.01 -8.7336 
cfa-miR-219-5p 27.60 34.37 -9.0416 
cfa-miR-497 24.12 30.95 -9.3985 
cfa-miR-125b* 21.87 28.86 -10.4932 
cfa-miR-29b* 21.56 28.61 -10.9769 
cfa-miR-33a 26.96 34.44 -14.7929 
cfa-miR-22 22.94 30.71 -18.0832 
cfa-miR-19a* 19.89 27.72 -18.8679 
cfa-miR-143* 22.14 30.02 -19.6078 
cfa-miR-338 26.97 34.91 -20.2840 
cfa-miR-19b* 20.00 27.97 -20.7900 
cfa-miR-301a 26.31 34.35 -21.8341 
cfa-miR-145* 21.91 30.10 -24.2131 
cfa-miR-148a* 20.06 29.03 -41.6667 
cfa-miR-101* 21.71 31.13 -56.8182 
*miRs included in the custom PCR array 
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Appendix 3: miRNAs with change in expression greater than 5-fold in T cell lymphoma 
dogs compared to healthy control dogs at diagnosis.  
 
Target miR Average Ct (Control) Average Ct (T cell)  Fold change 
cfa-miR-124 30.38 25.18 70.2516 
cfa-miR-181d* 26.35 21.54 53.6111 
cfa-miR-450b* 29.89 25.75 33.5784 
cfa-miR-182* 27.51 23.43 32.0991 
cfa-miR-183* 29.17 25.19 30.0535 
cfa-miR-181b* 24.75 20.83 28.8292 
cfa-miR-450a* 27.77 24.23 22.1534 
cfa-miR-542 30.05 26.99 15.9387 
cfa-miR-181c* 23.38 20.92 10.4792 
cfa-miR-503 30.40 28.01 10.0176 
cfa-miR-181a* 22.82 20.54 9.2180 
cfa-miR-200c 28.46 26.48 7.5134 
cfa-miR-454 27.51 26.06 5.2034 
cfa-miR-130b* 26.81 25.40 5.0436 
cfa-miR-152 25.89 29.15 -5.0125 
cfa-miR-18a* 23.68 26.94 -5.0436 
cfa-miR-34a* 25.39 28.83 -5.6980 
cfa-miR-148a* 20.06 23.53 -5.8173 
cfa-miR-589 26.73 30.25 -6.0459 
cfa-miR-141 29.45 33.02 -6.2344 
cfa-miR-497 24.12 27.75 -6.5020 
cfa-miR-660 23.95 27.60 -6.5920 
cfa-miR-29c* 19.40 23.29 -7.7580 
cfa-miR-145* 21.91 25.82 -7.8927 
cfa-miR-301a 26.31 30.22 -7.8927 
cfa-miR-29a* 19.28 23.19 -7.9177 
cfa-miR-143* 22.14 26.28 -9.2593 
cfa-miR-22 22.94 27.09 -9.3197 
cfa-miR-301b 27.82 32.36 -12.1655 
cfa-miR-455 29.32 33.92 -12.7389 
cfa-miR-216b 24.95 29.56 -12.8205 
cfa-miR-217 29.98 34.74 -14.2248 
cfa-miR-33a 26.96 31.75 -14.5349 
cfa-miR-99a* 22.81 27.80 -16.7504 
cfa-miR-19a* 19.89 25.15 -20.2020 
cfa-miR-19b* 20.00 25.26 -20.1207 
cfa-miR-219-5p 27.60 32.96 -21.5517 
cfa-miR-491 27.29 32.75 -23.0947 
cfa-miR-31* 24.42 29.89 -23.2558 
cfa-miR-101* 21.71 27.20 -23.5849 
cfa-miR-29b* 21.56 27.06 -23.8663 
cfa-miR-338 26.97 32.58 -25.5754 
cfa-miR-144 28.61 34.53 -31.7460 
cfa-miR-216a 26.59 33.65 -70.4225 
*miRs included in the custom PCR array 
 
 
 
 



 109  

Appendix 4: Graphs showing miRNA expression (delta Ct) from lymph node aspirates in 
B cell lymphoma (n=22) and T cell lymphoma patients (n=13). These miRNAs had 
significantly higher expression in B cell (A-L) or T cell (M-Q) lymphoma compared to the 
other immunophenotype. (Kruskal-Wallis one-way ANOVA with Dunn’s multiple 
comparisons test, p-value <0.05; additional group comparisons are shown in Figure 3.1 
and 3.2). Delta Ct is inversely proportional to expression. 
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Appendix 5: miRNAs with significant change in expression in lymph nodes for dogs with 
B and T cell lymphoma at diagnosis compared to healthy controls (Kruskal-Wallis one-
way ANOVA with Dunn’s multiple comparisons test, p-value <0.05). Delta Ct calculated 
using endogenous controls miR-16/miR-27a. 
 
Target miR Average delta Ct 

(Control) 
Average delta Ct 
(Lymphoma) 

Fold change P-value  
 

B cell lymphoma     
cfa-miR-34a 6.08 2.72 10.2519 0.0011 
cfa-miR-18a 4.33 1.84 5.6249 <0.0001 
cfa-miR-130b 7.75 5.67 4.2369 0.0004 
cfa-miR-19a 0.75 -1.33 4.2219 <0.0001 
cfa-miR-19b 0.82 -1.21 4.0584 <0.0001 
cfa-miR-423a 4.48 3.44 2.0553 <0.0001 
cfa-miR-30b 1.93 1.16 1.7060 0.0024 
cfa-miR-23a 0.99 1.79 -1.7399 0.0006 
cfa-miR-26b 0.26 1.08 -1.7730 0.0035 
cfa-miR-146a 1.63 2.89 -2.3972 0.0391 
cfa-miR-99a 3.34 4.88 -2.9166 0.0019 
cfa-miR-145 3.09 4.70 -3.0593 0.0041 
cfa-miR-125b 2.62 4.51 -3.7188 0.0007 
cfa-miR-125a 4.22 6.19 -3.9239 0.0008 
cfa-miR-150 -1.86 0.84 -6.5083 0.0001 
cfa-miR-148a 1.45 5.15 -13.0206 <0.0001 
T cell lymphoma     
cfa-miR-181c 3.88 1.06 7.0537 0.0452 
cfa-miR-182 8.37 6.04 5.0485 0.0333 
cfa-miR-130b 7.75 5.96 3.4589 0.0052 
cfa-miR-26b 0.26 1.17 -1.8880 0.0005 
cfa-miR-21 -1.83 -0.80 -2.0285 0.0154 
cfa-miR-155 3.06 4.22 -2.2425 0.0039 
cfa-miR-125b 2.62 4.44 -3.5363 0.0041 
cfa-miR-150 -1.86 0.03 -3.6965 0.0433 
cfa-miR-99a 3.34 5.21 -3.6487 0.0038 
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Appendix 6: miRNAs with significantly higher expression in lymph nodes at diagnosis for 
dogs with B or T cell lymphoma compared to the other immunophenotype (Kruskal-
Wallis one-way ANOVA with Dunn’s multiple comparisons test, p-value <0.05). Delta Ct 
calculated using endogenous controls miR-16/miR-27a. 
 
Target miR Average delta Ct 

(B cell) 
Average delta Ct 
(T cell) 

Fold change P-value  
 

B cell lymphoma     
cfa-miR-31 2.87 8.77 60.0377 <0.0001 
cfa-miR-34a 2.72 6.77 16.5695 <0.0001 
cfa-miR-18a 1.84 4.21 5.1862 <0.0001 
cfa-miR-19a -1.33 0.65 3.9447 <0.0001 
cfa-miR-19b -1.21 0.70 3.7569 <0.0001 
cfa-miR-29b 0.97 2.78 3.5224 <0.0001 
cfa-miR-29c -1.39 0.30 3.2379 <0.0001 
cfa-miR-29a -1.20 0.26 2.7639 0.0003 
cfa-miR-155 2.76 4.22 2.7621 0.0022 
cfa-miR-30b 1.16 2.39 2.3638 0.0010 
cfa-miR-127 9.19 10.29 2.1474 0.0025 
cfa-miR-423a 3.44 4.32 1.8423 0.0033 
T cell lymphoma     
cfa-miR-181a 3.40 0.48 7.5714 0.0027 
cfa-miR-181c 3.95 1.06 7.3753 0.0081 
cfa-miR-125a 6.19 4.23 3.8714 0.0002 
cfa-miR-148a 5.15 3.33 3.5361 0.0043 
cfa-miR-23a 1.79 1.30 1.4039 0.0071 
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Appendix 7: Graphs showing miRNA expression (delta Ct) from plasma in B cell 
lymphoma (n=22) and T cell lymphoma patients (n=13). These miRNAs had significantly 
higher expression in B cell (A-G) or T cell (H-N) lymphoma compared to the other 
immunophenotype. (Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparisons 
test, p-value <0.05; additional group comparisons are shown in Figure 3.4 and 3.5). 
Delta Ct is inversely proportional to expression. 
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Appendix 8: miRNAs with significant change in expression in plasma for dogs with B 
and T cell lymphoma at diagnosis compared to healthy controls (Kruskal-Wallis one-way 
ANOVA with Dunn’s multiple comparisons test, p-value <0.05). Delta Ct calculated 
using endogenous controls miR-18a/miR-27a.  
 
Target miR Average delta Ct 

(Control) 
Average delta Ct 
(Lymphoma) 

Fold change P-value  
 

B cell lymphoma     
cfa-miR-34a 6.82 3.76 8.2939 <0.0001 
cfa-miR-31 7.00 5.07 3.8114 0.0240 
cfa-miR-182 8.29 6.71 2.9958 0.0074 
cfa-miR-29b 4.03 2.79 2.3528 0.0003 
cfa-miR-29c 0.61 -0.60 2.3167 0.0107 
cfa-miR-29a 0.58 -0.55 2.1892 0.0118 
cfa-miR-23a -2.27 -1.36 -1.8686 0.0010 
cfa-miR-423a -1.28 -0.30 -1.9733 0.0188 
cfa-miR-181d 4.44 5.65 -2.3225 0.0157 
cfa-miR-99a 1.94 3.20 -2.3935 0.0004 
cfa-miR-26b -0.71 0.60 -2.4736 <0.0001 
cfa-miR-143 3.85 5.17 -2.4815 0.0249 
cfa-miR-145 0.53 2.08 -2.9150 0.0133 
cfa-miR-125b 0.67 2.53 -3.6103 <0.0001 
cfa-miR-125a 1.10 3.56 -5.4850 <0.0001 
T cell lymphoma     
cfa-miR-23a -2.27 -1.57 -1.6212 0.0311 
cfa-miR-26b -0.71 0.15 -1.8039 0.0365 
cfa-miR-423a -1.28 -0.19 -2.1324 0.0173 
 
 
Appendix 9: miRNAs with significantly higher expression in plasma at diagnosis for dogs 
with B or T cell lymphoma compared to the other immunophenotype (Kruskal-Wallis 
one-way ANOVA with Dunn’s multiple comparisons test, p-value <0.05). Delta Ct 
calculated using endogenous controls miR-18a/miR-27a. 
 
Target miR Average delta Ct 

(B cell) 
Average delta Ct 
(T cell) 

Fold change P-value  
 

B cell lymphoma     
cfa-miR-31 5.07 8.02 7.7238 <0.0001 
cfa-miR-34a 3.76 5.57 4.0866 0.0028 
cfa-miR-29c -0.60 0.84 2.7127 0.0002 
cfa-miR-29a -0.55 0.81 2.5702 0.0004 
cfa-miR-155 5.04 6.39 2.5450 0.0311 
cfa-miR-30b 0.72 1.33 1.5205 0.0108 
cfa-miR-21 -0.57 -0.01 1.4769 0.0433 
T cell lymphoma     
cfa-miR-181c 3.91 2.06 3.5874 0.0004 
cfa-miR-181d 5.65 3.99 3.1718 0.0038 
cfa-miR-181a 2.48 0.86 3.0873 0.0004 
cfa-miR-181b 4.61 3.10 2.8521 0.0102 
cfa-miR-145 2.08 0.93 2.2094 0.0231 
cfa-miR-125a 3.56 2.57 1.9827 0.0335 
cfa-miR-125b 2.53 1.71 1.7607 0.0320 
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Appendix 10: miRNAs with significant change in expression at relapse compared to 
expression at time of diagnosis for dogs with B cell lymphoma (Wilcoxon matched-pairs 
signed rank test, two-tailed p-value <0.05). 
 
Target miR Average delta Ct 

(@ Diagnosis) 
Average delta Ct 
(@ Relapse) 

Fold change P-value  
 

Lymph node     
cfa-miR-127 9.15 8.20 1.9393 0.0039 
cfa-miR-181a 3.72 3.38 1.2648 0.0273 
cfa-miR-181b 4.81 4.49 1.2464 0.0391 
cfa-miR-15a 2.42 2.16 1.1956 0.0195 
Plasma     
cfa-miR-125b 2.66 1.56 2.1518 0.0195 
cfa-miR-30b 0.78 1.15 -1.2963 0.0039 
cfa-miR-182 7.26 8.28 -2.0342 0.0391 
cfa-miR-34a 3.76 4.82 -2.0801 0.0039 
 
 
Appendix 11: miRNAs with a significantly different expression in the B cell lymphoma 
non-remission group (non-responders and dogs that relapsed during CHOP) compared 
to dogs that completed CHOP in remission (Mann-Whitney test, two-tailed p-value 
<0.05).  
 
Target miR Average delta Ct 

(Remission) 
Average delta Ct 
(Non-remission) 

Fold change P-value  
 

Lymph node     
cfa-miR-181d 6.04 4.64 2.6375 0.0055 
cfa-miR-181c 4.34 3.01 2.5169 0.0011 
cfa-mir-181a 3.70 2.59 2.1572 0.0073 
cfa-miR-181b 4.76 3.72 2.0539 0.0304 
cfa-miR-29b 0.58 1.52 -1.9224 0.0003 
cfa-miR-101 1.87 2.89 -2.0238 0.0131 
cfa-miR-150 0.23 1.71 -2.7830 0.0028 
Plasma     
cfa-miR-450b 9.23 7.92 2.4730 0.0177 
cfa-miR-181a 2.66 2.00 1.5883 0.0387 
 
 
Appendix 12: miRNAs with a significantly different expression in dogs with B cell 
lymphoma that died prior to 365 days compared to dogs that were alive at 365 days 
(Mann-Whitney test, two-tailed p-value <0.05).  
 
Target miR Average delta Ct  

(Alive @365d) 
Average delta Ct  
(Died <365d) 

Fold change P-value  
 

Lymph node     
cfa-miR-181d 5.84 4.65 2.2850 0.0326 
cfa-miR-181c 4.13 3.05 2.1116 0.0256 
cfa-miR-29b 0.74 1.48 -1.6713 0.0159 
cfa-miR-150 0.39 1.83 -2.7011 0.0082 
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Appendix 13: miRNAs with high versus low miRNA expression significantly correlated 
with progression-free survival (days). (Kaplan-Meier survival analysis, Log-rank (Mantel-
Cox) test, p-value <0.05). 
 
 Target miR Median survival 

(Days)  P-value  
 

  High  Low  
B cell lymphoma Lymph node    
 cfa-miR-150 407.5 148 0.0125 
 cfa-miR-181b 230.5 459 0.0240 
 cfa-miR-181d 177.5 459 0.0267 

 Plasma    
 cfa-miR-21 265 446 0.0390 
 cfa-miR-31 230.5 459 0.0074 
 cfa-miR-155 230.5 407.5 0.0322 

 cfa-miR-222 279.5 459 0.0378 
T cell lymphoma Lymph node    
 cfa-miR-101 43 114 0.0177 
 cfa-miR-143 113 36 0.0253 

 cfa-miR-145 113 36 0.0253 

 Plasma    

 cfa-miR-31 50 115 0.0246 

 cfa-miR-145 43 114 0.0177 

 cfa-miR-150 43 114 0.0177 

 cfa-miR-155 43 114 0.0177 

 cfa-miR-222 50 115 0.0246 

 
 
Appendix 14: miRNAs with high versus low miRNA expression significantly correlated 
with overall survival (days). (Kaplan-Meier survival analysis, Log-rank (Mantel-Cox) test, 
p-value <0.05).  
 
 Target miR Median survival  

(Days)  P-value  
 

  High  Low  
B cell lymphoma Lymph node    
 cfa-miR-150 600.5 246.5 0.0386 
 Plasma    
 cfa-miR-181c 439.5 *Undefined 0.0457 
 cfa-miR-222 439.5 1052 0.0349 
T cell lymphoma Lymph node    
 cfa-miR-222 188 919 0.0216 
*Survival exceeded 50% at the longest time point, therefore median survival could not be computed. 
 
 


